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CHAPTER 1

Introductory Discussion

1.1 IMPORTANCE

Detection and identification of nitrated polycyclic aromatic hydrocarbons (nitro-

PAH) in environmental samples is of widespread interest due to the highly mutagenic

properties of this chemical class. Nitro-PAH are derivatives of PAH which are abundant

in fossil fuels (e.g. coal, petroleum), and are the incomplete combustion products of

organic materials. Direct emission into the atmosphere from combustion sources

distributes PAH between the gas and particle phase, depending on their vapor pressure.'

Nitro-derivatives of PAH are formed by two major mechanisms. Nitro-PAH present in

direct emissions are primarily the electrophilic nitration products resulting from adsorbed-

phase reactions of PAH with NOX and HNO3.2 Nitro-PAH found in the atmosphere are

often the result of an atmospheric transformation of the parent PAH by the gas-phase

reaction with OH radical in the presence of NO. pollutants.2 Once formed, nitro-PAH

can readily condense on respirable particulate matter.

Nitro-PAH have been determined in a variety of environmental samples including

diesel exhaust," urban and indoor air particulate,' 0 ' 3 aluminum smelter effluent,' 4 coal

fly ash,' 5 wood and cigarette smoke condensates,16"17 and carbon black based xerographic

toners. 1 Typically, the concentration of nitro-PAH in environmental samples is one to

two orders of magnitude less than that of the unsubstituted PAH present. Low

concentrations coupled with the ubiquitous presence and potent direct-acting mutagenicity
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of nitro-PAH underscore the importance of developing highly sensitive and selective

methods for their determination. This thesis presents the results of laser desorption-laser

photoionization time-of-flight mass spectrometry (LDLPMS) experiments performed on

four nitro-PAH and two nitrated heterocyclic compounds. Photofragmentation pathways

are proposed for each of the nitro-compounds studied, and mechanisms to formation of

the characteristic NO+ ion peak are presented. In addition, results of LDLPMS

experiments on the National Institute of Standards (NIST) standard reference material

(SRM) 1650 diesel particulate material and potential for future application of the

LDLPMS method to determination of nitro-PAH in environmental samples are discussed.

1.2 PREVIOUS INVESTIGATIONS

1.2.1 Initial Determinations of Environmental Nitro-PAH

The first tentative identification of a nitro-PAH in an environmental sample was

reported by Cronn 19 in 1975. Direct-probe high resolution mass spectrometry (HRMS)

was used to tentatively identify a nitronaphthalene in ambient air particulate. In 1978,

Jager 2° employed thin layer chromatography (TLC) and fluorescence quenching to

tentatively identify 3-nitrofluoranthene and 6-nitrobenzo[a]pyrene in extracts of airborne

particulate from Prague. The importance of Jager's report was underscored by the 1978

work of Pitts et al.21 which demonstrated that exposure of PAH adsorbed on particles to

nitrogen oxides produced nitro-substituted reaction products. Of the reaction products,

1-nitropyrene and some dinitropyrenes were shown to be potent direct-acting mutagens

in tests with Ames Salmonella typhimurium assays.

The first positive identification of a nitro-PAH in an environmental sample was

reported by Schuetzle et al. 3 ,4 in 1980. Diesel particulate extract was subjected to normal-
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phase high performance liquid chromatography (HPLC) and separated into fractions for

subsequent chemical analysis and bioassay tests. Positive identification of 1-nitropyrene

in the moderately polar (transition) fraction was made using a combination of direct-probe

HRMS and high resolution gas chromatography mass spectrometry (HRGC/MS). Thirty

percent of the direct-acting mutagenicity of the total extract was attributed to the presence

of 1-nitropyrene. Subsequent research by Schuetzle et al. 6 and Paputa-Peck et al. 7

indicated the presence of 20 nitro-PAH isomer groups containing approximately 200 nitro-

PAH species in the transition fractions of diesel particulate extracts. Twenty-five of the

nitro-PAH isomers were identified using low and high resolution GC/MS, and triple-stage

quadrupole tandem mass spectrometry (TSQ-MS/MS).

Ambient air particulate was examined by Ramdahl et al.10 using GC/electron

ionization mass spectrometry (EI/MS) and negative ion chemical ion mass spectrometry

(NICI/MS) to detect nitroaromatics in the organic extract of urban air particulate from St.

Louis, MO. Compounds identified in the transition fractions included nitronaphthalene,

9-nitroanthracene, 1 -nitropyrene and 3-nitrofluoranthene (later corrected to the 2-isomer).2 2

The study contained the first reported mass spectrometric evidence of nitro-PAH in urban

air particulate. However, the extremely complex composition of the organic particulate

extracts and limitations of the fractionation and analysis techniques precluded more

complete characterization of the samples.

The powerful technique of bioassay-directed fractionation was applied by Nishioka

et al." to the problem of detecting nitro-PAH in ambient air particulate extracts. The

process involves sequential fractionation of increasing chromatographic resolution with

the ultimate goal of reducing the complexity of the original fraction so that most
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chromatographic peaks contain a single component. Fractions are tested at each step to

direct continued fractionation of the most mutagenic subfractions. Using bioassay-directed

fractionation coupled with EI/MS and NICI/MS , Nishioka et al. reported the first

identification of mutagenic hydroxylated nitro-PAH in a neutral polar fraction of ambient

air particulate extract in 1986."1 Subsequently in 1988, Nishioka et al. reported the first

mass spectrometric evidence for hydroxylated nitro-PAH and hydroxylated nitro-

polycyclic aromatic ketones (nitro-PAK) in polar fractions of ambient air particulate

extract.
23

Arey et al.24 applied the method of bioassay-directed fractionation to identify the

major mutagenic fractions of ambient air particulate extracts, which contained compounds

more polar than the nitro-PAH. In fact, while nitro-PAH (particularly 1-nitropyrene)

contribute significantly to the direct-acting mutagenicity of diesel exhaust extracts, the

nitro-PAH compounds have been reported to contribute less than 10% of the overall

direct-acting mutagenicity of ambient air particulate extracts. In 1992, Arey et al.12

reported the identification of nitrophenanthrene lactones (nitro-6H-dibenzo[b,d]pyran-6-

ones) in the most mutagenic fraction from the environmental chamber reaction of

phenanthrene with OH radical in the presence of NOX. In a subsequent study, Helmig et

al.25 identified 2-nitro-6H-dibenzo[b,d]pyran-6-one (6-nitro-3,4-benzocoumarin) as the

most mutagenic isomer and quantified its presence in southern California ambient air

samples, NIST SRM 1649 urban dust, and NIST SRM 1650 diesel particulate matter.

Experimental results attributed up to 45% of the direct-acting mutagenicity of ambient air

particulate extract to the nitrated heterocyclic compound.25
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1.2.2 Photoionization of Nitro-Containing Compounds

All of the reported identifications of nitro-PAH discussed have a common bond.

Each determination generally involved extraction of the sample, followed by a

chromatographic separation (TLC,HPLC,GC), fractionation, and finally, mass

spectrometric detection to confirm identification. Attempts have also been made to

derivatise the non-fluorescent nitro-PAH to highly fluorescent amino-PAH for

fluorescence and electro-chemical detection, 26 or to pentafluoropropyl amides for

subsequent nitrogen-selective thermionic and flame ionization detection 27 with some

success. However, all of the procedures discussed thus far are time-consuming, labor-

intensive and expensive. Laser photoionization mass spectrometry offers potential as an

inexpensive quick screening process for the presence of nitro-containing compounds, as

well as the possibility of sensitive, isomer selective detection of nitro-PAH compounds

in a mixture.

Laser photoionization of nitro-containing compounds is a challenge because they

are labile and tend to predissociate upon exposure to ultraviolet (UV) irradiation. The

two-photon photodissociation dynamics of NO2 were examined in-depth by Morrison et

al.2 s2 9 over the wavelength range 425 nm to 520 nm, by recording the multiphoton

ionization (MPI) spectrum of the photolysis product NO. They concluded that the course

of ionization for NO was dominated by predissociation of NO2 at the level of the second

photon, i.e. within the B2B2 state of NO2. Data suggested that the high energy pathway

NO2 -- NO (X2R) + 0 (iD)

became important soon after it became energetically accessible (< 475 nm). Another

interesting observation was an anomaly in the MPI spectrum at 427 nm which suggested
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that the two-photon excitation accessed a high-lying linear state of NO2 ... probably

(... 174 5ag) 21g+ predicted by theory.

A photodissociation dynamics study of nitromethane was conducted by Moss et

al.3 using ArF excimer laser excitation. The study concluded that the primary 193 nm

photofragmentation products of nitromethane are CH 3 and NO2. Secondary products, NO

and 0 are produced through subsequent unimolecular decomposition of the NO2 fragment.

Two photodissociation channels were proposed:

Major channel

CH3NO2 + hv -+ CH 3 + NO2 (12BR)

--> CH 3 +NO (X27) +O (3p)

Minor channel

CH 3NO2 + hv -* CH 3 + N0 2** (22B2)

+hv -+ CH3 + NO (A 21+) + O (3p)

Two recent studies of dimethylnitramine (DMNA) aimed at understanding ignition

and combustion pathways of propellants and explosives offer conflicting opinions. Sausa

et al.31 concluded from their photodissociation study of DMNA at 248 nm that the

unimolecular formation of NO was not important to decomposition. In contrast, Stewart

et a. 32 suggest from results of a low pressure homogenous pyrolysis study of DMNA that

a nitro-nitrite rearrangement followed by scission of the NO-NO bond may be an

important decomposition pathway. The pathway is illustrated by the reaction:

(CH 3)2NNO2 -+ (CH 3)2NO-NO -+ (CH 3)2NO + NO

The nitro-nitrite rearrangement mechanism involves an isomerization from -NO2

to -ONO at the carbon to which the nitro group was originally attached. Bowie et al.33
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proposed the nitrite intermediate to explain the appearance of the [M-NO]" anion peak in

the negative ion mass spectra of nitroaniline derivatives. Budzikiewicz 34 refers to the

isomerization of nitrobenzene to the nitrite form prior to fragmentation to account for

appearance of the phenoxy cation (C6H5O)+ in the EI mass spectrum of nitrobenzene.

Perhaps the most intriguing evidence for the nitro-nitrite rearrangement was

presented by Ioki35 in reporting the e.s.r. detection of several aryloxyl radicals obtained

after UV illumination of nitro-containing compounds. In particular, the e.s.r. spectrum

of 6-nitrobenzo[ajpyrene upon illumination with UV light in degassed benzene solution

at room temperature, showed hyperfine structure identical to the e.s.r. spectrum of the

benzo[a]pyren-6-oxyl radical produced by abstracting a proton from benzo[a]pyren-6-ol

in benzene solution. loki concludes that formation of the oxyl radical in 6-nitro-

benzo[a]pyrene is a consequence of the photorearrangement of its nitro group. He adds

that the choice of highly conjugated aromatic compounds, which stabilize the free radical

by delocalizing the unpaired electron, may have contributed to successful observation of

the aryloxyl radical hyperfine structure.

A number of relevant studies have been conducted on the laser photoionization of

nitrobenzene. Apel and Nogar36 obtained MPI mass spectra of nitrobenzene using 248

nm (KrF) and 193 nm (ArF) laser excitation. The highest weight ion occurred at a mass-

to-charge ratio (m/z) of 93 amu, corresponding to loss of NO from the parent ion [M-

NO]'. The base peak at m/z 77 corresponded to [M-NO 2]+ ion. No molecular ion was

observed, but the strong NO' signal was attributed to photodissociation of the parent to

produce NO2 and subsequent dissociation/MPI of NO2 to produce NO'.

Lubman et al. 37 performed resonant two-photon ionization (R2PI) of several
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substituted nitrobenzenes at atmospheric pressure with helium bath gas, and under vacuum

conditions in a comparative investigation. Generally, molecular ions were not observed

in spectra obtained under vacuum conditions. Extensive fragmentation occurred in all the

nitro-compounds under vacuum conditions with 266 nm and 213 nm excitation. However,

R2PI at 1 atm in He often produced "soft" ionization (little fragmentation), even at power

densities comparable to the vacuum condition experiments, and molecular ions were

frequently observed. Lubman credits the successful soft ionization of the very fragile

nitro-molecules to the moderating effect of He background gas, which has a low

collisional effectiveness.

Marshall et al.3's- carried out in-depth research of laser dissociation, ionization

and fragmentation processes in single-ring nitroaromatic molecules over the wavelength

range 232.5 nm to 260 nm. Numerous spectra were recorded at various wavelengths and

power densities to deduce the wavelength and power dependence of the carbon fragment

patterns and the often dominant NO+ ion signal. Five possible routes to the formation of

the NO' ion in nitrobenzene and o-nitrotoluene were proposed and compared with

experimental data. Based on experimental observations, the major NO+ ion formation

mechanism was identified as predissociation of the parent to lose NO2 , then

predissociation of NO2 and subsequent two-photon ionization of the NO fragment (IP 9.25

eV): 40

M + hv -+ (M-N0 2) + NO2

NO2 + hv - NO + 0

NO + 2hv -- NO+ + e'

Marshall et al. discounted the direct formation of NO+ by predissociation of the
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parent to lose NO as a major dissociation route for nitrobenzenes. However, the direct

production of NO from the parent is of interest to the current research on nitro-PAH. The

production of NO+ directly from the parent molecule is a two-step process:

M + hv -> (M-NO) + NO

NO + 2hv -+ NO+ + e"

Marshall's principal objection to the direct production route was the absence of an [M-

NO]+ ion peak in all of the spectra, while the [M-NO2]+ ion peak was prominent in the

spectra of nitrobenzene.

Just when the question of NO+ ion production in nitro-compounds appeared

settled, Huey et al.4 1 conducted a new study on the photodissociation of nitrobenzene.

Photolysis of nitrobenzene was performed at 240, 260, 280 and 313 nm, and the

photofragments were subsequently entrained in a molecular beam and ionized by VUV

125 nm photons. Three primary photodissociation pathways were observed for

nitrobenzene:

1. C6HANO 2 - C6H5 + NO2

2. C6H5NO2 -- C6 HANO + 0

3. C6HANO 2 -- C 6H 5 0 + NO

(or -+ CAH, + CO + NO)

with both stepwise and concerted mechanisms for producing CAH5 in step (3) being

energetically feasible at the wavelengths employed. Results allowed the possibility of a

nitro-nitrite rearrangement as consistent with observed competition between production

of NO and NO2 (for X 2t 280 nm), as both products could be formed through a common

nitrite transition state.
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1.2.3 Laser Detection of PAH in Particulate

The application of laser photoionization mass spectrometry to the in situ

characterization of PAH and PAH derivatives on particulate has been very limited. Two

recent studies have involved the use of laser microprobe analysis to examine various

particulate samples. The investigation by Sine et al.42 in 1984 employed a LAMMA-500

laser microprobe mass analyzer to characterize soot from an experimental oil shale retort.

The Sine group objective was to evaluate the capability of LAMMA in analyzing

carbonaceous environmental samples. Both positive and negative ion mass spectra of the

soot sample were collected. The negative ion mass spectrum was dominated by carbon

cluster ions, CAHI with up to 25 carbons and zero to two hydrogens. The positive ion

mass spectrum contained a combination of inorganic and organic information. Organic

compounds identified in the soot included twenty-five unsubstituted PAH from m/z 252

to m/z 620. Twenty of the PAH identities were confirmed by HPLC, GCUMS and/or

direct insertion EI/MS and CI/MS analysis. Though the technique correctly identified

several PAH by in situ analysis, the results were not quantifiable other than for semi-

quantitative comparison of relative intensities between various samples.

Another study by Delmas and Muller43 examined the use of Fourier transform

mass spectrometry (FTMS) laser microprobe for the in situ characterization of nitro-PAH

adsorbed to two carriers, activated charcoal and silica gel. The PAH-doped particles were

analyzed before and after exposure to a gaseous N0 2/HNO3 mixture. Ionization was

performed by an ArF excimer laser (193 nm) and irradiance of approximately 9 x 106

W/cm2 , which provides soft ionization for most PAH and derivatives. The positive ion

FTMS laser microprobe spectrum taken before N0 2/hRNO 3 exposure showed abundant
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molecular ion for each PAH standard. Degradation products were studied in negative ion

mode, with ejection of ions with m/z < 150amu to improve mass resolution. Fragments

corresponding to the [M-NO]" anion of three nitro-PAH were identified in the resulting

spectrum and application of the FTMS laser microprobe method to environmental particles

was proposed for future work.

1.3 MOTIVATION AND GOALS

Despite extensive research on the photoionization of nitrobenzene and derivatives,

the photochemistry of nitro-PAH has remained relatively unexplored. One goal of the

current study is to obtain and interpret characteristic photofragmentation patterns of

representative nitro-PAH and nitrated heterocyclic compounds. Gaseous NO, is a

prevalent air pollutant emitted from such fossil fuel combustion sources as utilities,

vehicles, and industrial waste incinerators.44 Arey et al.2 demonstrated that nitro-PAH

may form in the atmosphere by gas-phase reactions of PAH with the OH radical,

predominantly during daylight hours. Examination of the photoionization products of

nitro-PAH and derivatives have significant implications for the atmospheric formation and

transformation reactions of this mutagenic chemical class.

Acquisition of representative photoionization spectra and identification of

characteristic photofragments of nitro-PAH are prerequisites for application of laser

photoionization to determine their presence in environmental samples. Comparison of

experimental data from an environmental sample to known properties of reference

compounds is an often-used method to confirm the identification of a particular species

in the complex sample matrix. The second objective of the present research is to

investigate the application of laser desorption-laser photoionization time-of-flight mass
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spectrometry (LDLPMS) to the direct analysis of particulate matter. The potential exists

to directly determine the presence of nitro-PAH and nitrated heterocyclic compounds in

environmental samples, without costly extraction and separation steps, by using LDLPMS.

In the current study, laser photoionization mass spectra are obtained for four nitro-

PAH : 9-nitroanthracene, 1-nitropyrene, 2-nitro-9-fluorenone and 2-nitrofluorene. Each

of these nitro-PAH were previously identified in diesel exhaust particulate.3 7  Laser

photoionization mass spectra are also obtained for the isomers 2- and 3-nitro-6H-

dibenzo[b,d]pyran-6-one (a.k.a. 6- and 7-nitro-3,4-benzocoumarin). The 2- and 4-nitro-

dibenzopyranone isomers were recently identified by Arey et al. 12 and Helmig et al.25 in

the most mutagenic fraction of ambient air particulate extracts. Mixtures of the nitro-PAH

standards as well as mixtures of PAH standards with nitro-PAH are also examined by

LDLPMS. Spectra obtained from the reference compounds encouraged the examination

of the NIST SRM 1650 diesel particulate matter. The LDLPMS spectra acquired for the

NIST standard are also presented and discussed.
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CHAPTER 2

Laser Desorption-Laser Photoionization
Time-of-Flight Mass Spectrometry

2.1 INTRODUCTION

The time-of-flight mass spectrometer operates on the principle that ions of

different mass-to-charge ratios, accelerated to the same kinetic energy, have different

flight times through a field-free region. The ability to produce a full mass spectrum for

each laser pulse makes the TOF mass spectrometer ideally suited to a pulsed laser

ionization source. Simplicity, low cost, ease of construction, high ion transmission, and

a theoretically unlimited mass range are advantages with wide appeal to researchers

performing pulsed ionization experiments. As time-of-flight mass spectrometry (TOFMS)

has been the subject of several publications and reviews,1-6 only a brief outline of

TOFMS theory is given here. The remainder of this chapter discusses the sources of peak

broadening and the technique of laser desorption as they pertain to our TOF mass

spectrometer.

2.2 BASIC PRINCIPLES OF TOFMS

A linear TOF mass spectrometer consists of two regions as shown in Figure 2.1.

The source region contains a series of charged grids used to accelerate the ions into the

flight tube (field-free region) which houses the detector. All ions formed in the source

region during each laser pulse are accelerated in the presence of an electric field (E =

V/d) to a final kinetic energy (zEd). The final velocities of the ions differ in proportion

to their various mass-to-charge ratios (m/z).
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Figure 2.1 Diagram and accompanying equations depicting the basic principles of time-

of-flight mass spectrometry.
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Once an ion enters the field-free region, it drifts at its final velocity until

impacting the detector. The flight time of each ion is directly proportional to the square

root of its mass-to-charge ratio. Hence, ions with smaller m/z arrive at the detector earlier

than those with larger m/z. The data acquisition system records the current generated as

ions of all masses produced during each laser pulse strike the detector. Experimentally,

signal intensity is recorded as a function of flight time. Data averaged over many pulses

is converted to a plot of intensity versus m/z through a linear time extrapolation from low

mass ions, providing a complete TOF mass spectrum.

2.3 FACTORS AFFECTING FLIGHT TIME

The primary factors that determine an ion's flight time are the instrument design

and operating parameters. The distances between grids, applied voltages and drift region

length are important considerations in design and operation of a TOF mass spectrometer.

The two-step acceleration linear TOF mass spectrometer first described by Wiley and

McLaren 7 in 1955 became the standard on which today's TOF mass spectrometers

(including our own) are modelled. Figure 2.2 is a schematic of the Wiley and McLaren

ion optics along with a few of the more complex, but pertinent, equations of ion motion.,

Once the instrument is machined, the ion optics positioned, and the grid potentials chosen,

the principal factors that determine ion flight time are built-in.

Ideally a TOF experiment would have all ions formed at a single position, at the

same time, and accelerated to the same kinetic energy. Then ion flight time would be a

function only of m/z and the TOF mass spectrometer would have infinite resolution

(provided the data acquisition system could keep pace). Unfortunately, ideal does not

equate to experimental. There are several other factors which decrease mass resolution
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Figure 2.2 Diagram illustrating the ion optics of a two-step acceleration time-of-flight

mass spectrometer based on the 1955 design of Wiley and McLaren, and the correspond-

ing equations of ion motion.
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by increasing the time width of the ion packet (group of same m/z ions) that reaches the

detector. Contributions from some of these factors, as described by Opsal,' can be

minimized by straightforward methods. The remaining factors, temporal, spatial, velocity

and energy spreads at the initial ion formation, are the dominant causes for variation in

flight times within an ion packet. These sources of peak broadening require closer

inspection.

2.4 SOURCES OF BROADENING

Temporal broadening results from a spread in the initial formation time of the ions.

The ions formed during the finite laser pulse are not all formed at the same moment. The

effect of this initial time spread on the ion packet can be thought of qualitatively. For

two equal m/z ions with the same initial position and velocity but formed at different

times, the difference in their flight time is exactly the difference in their formation time.

These two ions have the same kinetic energy on arrival at the detector, and the time width

of the ion packet is independent of the length of the field-free region.3

There are two straightforward solutions to temporal broadening. The first solution

is to increase the length of the field-free region which improves mass resolution by

allowing greater separation between ion packets of constant width. The second solution

is to shorten the pulse width of the laser ionization source. Picosecond laser sources

virtually eliminate temporal broadening as a significant contribution to peak width by

narrowing the temporal width during initial formation of the ion packet."14

Our TOF mass spectrometer uses a Nd:YAG pulsed laser for ionization with a

pulse width of 8 to 10 nsec at 266 nm. Ionization is assumed to occur within a few nano-

seconds. The current grid spacings, accelerating potentials and drift region length
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generate ion flight times on the order of microseconds. At m/z 200, peak widths are

typically - 200 nsec. The theoretical contribution to peak width from temporal broadening

due to laser pulse width is approximately 4% in our TOF instrument.

Spatial broadening is caused by variations in the initial position of the ions upon

formation in the source region. Since a laser beam cannot be focussed to a point,

ionization occurs over a finite spatial volume within the waist of the laser beam.

Referring to Figure 2.2, the velocity achieved by an ion and consequently, its final kinetic

energy, depend on the distance from the grid (xD) at which the ion formed. Two equal

m/z ions formed at the same time with the same initial velocity but in different locations,

will be accelerated to different final kinetic energies. The magnitude of the resulting

spread in ion flight times depends on the size of the laser beam focal spot."3A

One solution to the problem of spatial broadening is to ionize by direct desorption

from an equipotential surface. Desorption from a surface limits ion production to a very

well-defined spatial region.3'4 In our TOFMS, samples are desorbed from a flat surface

positioned perpendicular to the flight tube, and the theoretical contribution to peak width

from spatial broadening is < 1%. Spatial broadening was also addressed by Wiley and

McLaren. 7  Their two-step acceleration scheme was designed to operate under space-

focussed conditions. The low-voltage extraction (VE ) provided additional energy to ions

at the rear of the source to help them catch up with ions near the source exit, thereby

narrowing the initial ion packet. Then the larger acceleration potential (VA) accelerated

all the ions to their final energy. The space-focussing condition made flight time

independent of initial position to the first order."14

Velocity broadening derives from the fact that ions form in the source with initial
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velocities that reflect those of their neutral precursors. For ions of equal m/z, the gas-

phase velocity distribution is normally Maxwellian, as described by Opsal.'1' 4 Obviously,

equal m/z ions formed with different initial kinetic energies will have different flight

times. An interesting case is that of two equal m/z ions formed at the same time and

position with the same kinetic energy, but with their velocities in different directions.

Both ions will be accelerated to the same final energy and velocity. However, the ion

moving against the field must decelerate, stop, and turn around prior to acceleration. This

turn-around time increases the time width of the ion packet and degrades mass resolution.3

Several methods have been introduced over the years to compensate for velocity

broadening. The use of time-dependent drawout and acceleration fields has been shown

to decrease velocity broadening by reducing the effect of turn-around time. 79 Ions

travelling with initial velocities opposite the flight direction are accelerated over a longer

distance upon application of the electric field pulse. The higher final energy of the "turn-

around" ion allows it to catch up to its ion packet at the detector, minimizing peak

broadening. The technique of direct ionization from surfaces can essentially eliminate the

contribution from turn-around time since initial ion velocities cannot be negative. 3'4

Another option, increasing the grid potentials, compensates for velocity broadening by

making the initial energy distributions small compared to the final kinetic energies.3 With

the current TOFMS operating potentials and sample desorption geometry, the theoretical

contribution to peak width from initial velocity and kinetic energy distributions is - 2%.

The reflectron device developed by Mamyrin et al.,' 0 corrects for resolution

degradation caused by both initial spatial and velocity distributions. Two ions of equal

m/z enter the electrostatic reflector with different velocities. The ion with greater velocity
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penetrates farther into the reflector region and must travel a longer distance than the

slower moving ion. The faster ion spends more time in the reflector region, allowing the

slower ion to catch up, thus narrowing the time width of the ion packet and improving

resolution. 1' 3,4-8 The reflectron does not correct for initial kinetic energy spread. The ion

kinetic energy is the same upon exiting the reflectron as it was upon entering. The

different path lengths travelled by the ions within the reflectron fields causes the

narrowing of the ion packet which improves mass resolution.

The reflectron is a second-order space-focussing ion source, i.e. its space focus

coincides with the position of the second detector. There are several considerations

involved in the design and installation of a reflectron device. Factors to consider in

reflectron design and installation include, but are certainly not limited to: dimensions of

the TOFMS, length of the reflectron, grid spacings within the reflectron, potentials applied

to the grids, distance from the start of the drift region to the reflectron entrance, and

conversely, distance from the reflectron exit to the second detector. An excellent

discussion of the reflectron device and associated mathematics is given by Boesl and

Schlag. I I

An alternative to compensating for the initial velocity spread is to reduce or

eliminate the distribution by use of a supersonic molecular beam source. 12' 13 In an ideal

molecular beam, all the molecules are travelling in the same direction with the same

velocity ,rior to ionization. The attainable reduction in velocity spread can increase the

resolution of a standard linear TOF instrument to 1000 or higher.8 Use of a pulsed valve

also permits direct injection from I atm into vacuum, 14 which has great potential for real

environmental applications.
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Resolution in our TOF instrument is degraded primarily by the effects of spatial

and velocity broadening. The finite laser beam volume and unusual desorption geometry

make identification of a well-defined spatial region of ionization difficult (see Section 4.3:

Single-Step LDLP Experiments). Since desorption from a surface perpendicular to the

flight path is accomplished in our source, ions do not have negative velocities. However,

the initial velocity distribution in the desorbed plume, which is otherwise uncorrected, is

enough to make a significant contribution to peak broadening. Desorption from the

Gelman fiber filters, used in air sampling, degrades resolution through temporal effects

as well as spatial and velocity effects which are discussed in the next section. Mass

resolution in our TOF instrument (m/Arm) is - 100. Improvement could definitely be

achieved by addition of a supersonic molecular beam, a reflectron device, or both.

2.5 LASER DESORPTION

Laser-induced thermal desorption is a technique employed to vaporize neutral or

ionic species from the condensed state by the rapid input of thermal energy into the

condensed state. Generally, a rapid increase in surface temperature in the range of 108

to 1011 K/sec occurs within the nanosecond pulse of the desorption laser.15 The extent

of fragmentation induced by laser desorption can be controlled by appropriate choice of

power density.16  Adjustments to the laser power density are made to maximize

desorption yield while minimizing sample fragmentation and undesirable decomposition

reactions. Therefore, the principal advantage of pulsed laser desorption is that the very

short laser pulse width permits desorption of intact molecules before competing side

reactions can occur.17

Two-step and single-step laser desorption experiments were performed in the
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c,,rrent study. The two-step laser desorption-laser photoionization (LDLP) experiments

utilized the focussed IR beam from a pulsed CO 2 laser to induce thermal desorption of

samples adsorbed on Gelman glass fiber filters (a porous air-sampling-type filter). A

short time after the desorption event, a focussed UV beam was directed into the plume

of desorbed neutrals to effect multiphoton ionization. Separation of the desorption and

ionization steps allowed better control over each process. The single-step LDLP experi-

ments utilized the focussed UV beam of a pulsed Nd:YAG laser to effect desorption and

postionization of solid samples deposited on an aluminum probe. The extent of

fragmentation was controlled by varying the area of interaction between the laser beam

and the sample surface, thus varying the power density at the surface. Due to the UV

beam geometry through the source region (see Chapter 4: Figure 4.4), laser power density

was not as finely adjustable in the single-step experiments.

The spectra obtained in the two-step experiments were significantly different from

those obtained in the single-step experiments. The difference in the spectra is largely

attributable to desorption of the sample from the porous Gelman glass fiber filters (in the

two-step experiments) as opposed to desorption of the solid sample deposited on the bare

aluminum I robe surface (in the single-step experiments). When the IR laser beam

impacts the filter surface, significant heating of the filter fibers occurs. Initially,

molecules closest to the top of the filter surface are desorbed. The desorbed surface

molecules have less thermal energy than the filter matrix because there has been a loss

of energy to the desorption process (AIdesorb). Over many pulses, the surface molecules

are depleted and the molecules from deeper in the filter matrix make up a larger fraction

of the desorbed species. Molecules desorbed from deeper within the matrix suffer



29

collisions with the thermally energized filter fibers and can thermally equilibrate with the

filter. Hence, when molecules farther from the surface exit the filter matrix, they possess

more thermal energy than their surface counterparts in the desorption plume. Thus,

desorption of samples adsorbed on the filters introduces broadening in our spectra by

creating larger initial velocity and energy distributions. 1

Molecules desorbed directly from the sample deposited onto the bare aluminum

probe surface also lose energy to the desorption process. However, desorption and

postionization both occur within the UV laser pulse. Molecules desorbed directly from

the probe surface will have a narrower velocity and energy distribution than those

desorbed from the filter matrix. Reduced velocity and energy profiles within the initial

ion packet decrease peak broadening and increase mass resolution. Therefore, the spectra

of compounds desorbed directly from the probe surface are generally better resolved than

the spectra of compounds desorbed from the Gelman filters.' 8

The precise physical nature and mechanisms for ionization in laser desorption are

uncertain at this time. 16'17 However, the presence of dimers (and even trimers) in our

single-step spectra indicates that bimolecular reactions are occurring within the high-

density plume of desorbed material. Ionization in this high-density plume could occur by

several mechanisms including collision-induced, proton-transfer and multiphoton

absorption-ionization processes. Chapter 3 discusses the latter, multiphoton ionization,

in depth.
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CHAPTER 3

Theory of Multiphoton Ionization

3.1 INTRODUCTION

Photoionization can occur if the photon energy absorbed by a molecule is greater

than its ionization potential (IP). Early direct photoionization used vacuum ultraviolet

(VUV) radiation near 100 nm. The VUV lamps were low intensity, noncoherent sources

which led to poor ion yields and low sensitivity. Absorption cross-sections for photo-

ionization of an average molecule at the intensity of a conventional light source are:1

One-photon - 10.17 cm 2

Two-photon ~ 10.51 cm4s

Three-photon - 10-82 cm 6s2

The possibility of simultaneous two-photon absorption or emission in molecules

was first postulated by Marie Goeppart-Mayer in 1931 by applying Dirac's dispersion

theory.2 Multiphoton ionization (MPI) depends on the concerted absorption of two or

more photons by a molecule upon irradiation with an intense UV or visible light source.

The cross-sections above indicate that the probability of MPI occurring at conventional

light source intensity is extremely low. Not until the 1960s with the advent of high-peak

power, tunable visible and UV laser sources did experimental observation of MPI

processes become feasible.

3.2 APPLICATION TO MASS SPECTROMETRY

Employment of mass spectrometers to identify the ionization products of

multiphoton processes began with Boesl et.ai., in 1978.3 Multiphoton ionization
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combined with mass spectrometry allows identification of a molecule by its absorption-

excitation spectrum related to a resonant intermediate state, as well as by its mass. The

ionization cross-section of the detected ions reflects the optical spectrum of the

intermediate state. When the laser frequency is resonant with a real intermediate

electronic state, the ionization cross-section is significantly enhanced. Important

information on the dynamic behavior involving energy relaxations and fragmentation

reactions occurring in the excited states of neutral and ionic molecules is obtained by

resonance enhanced multiphoton ionization (REMPI).1

The MPI method applied extensively in analytical chemistry is resonant two-

photon ionization (R2PI). Absorption of two photons drives the molecular system through

an excited electronic state to a final, photoionized condition. The two photons can have

either the same or different frequencies but, the sum of their energies must exceed the

ionization potential of the molecule for R2PI to occur. Most organic compounds of

interest have IPs between 7 and 13 eV, allowing use of convenient near-LJV pulsed laser

sources (such as Nd:YAG and excimer-pumped dye lasers) to achieve R2PI.4

3.3 QUANTUM THEORY OF MPI

3.3.1 Time-Dependent Perturbation Theory

The derivation of multiphoton ionization transition probability from time-dependent

perturbation theory1, 5-7 demonstrates the importance of resonance with an intermediate

electronic state. To calculate the time evolution of a system caused by a perturbation,

solve the Time-Dependent Schr6dinger Equation:

= A 
(3.1)



34

Consider a system in which the Hamiltonian is separable into its time-independent and

time-dependent parts

A = AO + 2V(t) (3.2)

where V(t) is the perturbation and ), the perturbation parameter, is small. The

unperturbed eigenfunctions To are solutions of the equation

AOT°O = ih °k (3.3)

and have the form

Tk° = V.t e-taa/ (3.4)

where

A•/Vk =Ek Vk (3.5)

Assume the eigenfunctions Wk and the eigenvalues Ek are known and that the

eigenfunctions form a complete orthonormal set. Expanding the wavefunction TP in terms

of the unperturbed basis set V° yields

'P = •ak(t);pk e", (3.6)
k
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By normalization

f"'I'dr=Jfa,'a, =1I

Therefore, the probability that the system is in state k at time t (i.e. the transition

probability) is

Pk = Ia (t)12 (3.7)

3.3.2 Time-Dependent Coefficients

To determine the time-dependent coefficients,l substitute equations (3.2) and (3.6)

into the time-dependent Schr6dinger equation (3.1)

fhr(2ak (t) =yk (H + 1 V(t))y a W(t) e-'" (3.

-6 k

Equation (3.8) reduces to

,a (t) k -s =AFa. (t)V(t) Ye'Eltl& (3.9)

Multiply through by the complex conjugate and integrate over all space to obtain

9a, ,,W ( W) . i •, - AX ()(IV.iv()l )• ,if_,W._k', (3.10)
k k
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Notice that the left-hand side of equation (3.9) contains a delta function which is nonzero

only when k = m. Defining (E.-Ek) -ok and V, -k m I V(t) I Wk, equation

(3.10) becomes

ih i9a.(t) = AY (t) Vte'`' (3.11)

The resulting differential equations for the coefficients are solved by successive

approximation

a,(t)=X-Aa()= =a(°) +,a2) +, 2 aa() +-.. (3.12)
i=o

Substitute equation (3.12) into (3.11) and equate terms with coefficients of Vn to yield

expressions for the time-dependent coefficients

coda° (3.13)
,,!a =0 a (0) __ constant (.3

dt M

hdaa() (W. (lt order) (3.14)

th-• =• k (Is'(t[yke•' order)
dt k

da.2 )(t) =Fa(')((2 'l ,rder) (3.15)
(2" -

dt k



37

3.3.3 Probability of a Two-Photon Process

Calculating the probability of a two-photon process requires knowledge of the

interaction V(t) between the molecule and the electromagnetic field. The semiclassical

approach assumes classical radiation interacting with a quantum-mechanical system. The

semiclassical Hamiltonian is constructed by replacing the momentum in the classical

Hamiltonian with its quantum-mechanical operator.1 6'7 Collect terms, choose the Coul-

omb gauge (in which 9 = 0 and VoA = 0 ) and express the results in vector notation to

obtain the system Hamiltonian

-- tV2+V(XyZ)+ MeA _+ e2 A2 (3.16)

2mi mc 2mc 2

The first two terms of equation (3.16) comprise HO, the time-independent portion of the

system Hamiltonian. The time-dependent perturbation is given by the last two terms

V(t) =-/he A. e A2 (3.17)
mc 2mc

Regard the vector potential A as a function of position and time. For plane-polarized

light propagating along the z direction with its polarization in the x direction

A(t) = Ae±:i(kzf) (3.18)

The propagation vector k is inversely proportional to wavelength (k = 27A).

Wavelengths in the UV-visible region range from 1000 to 8000 A, whereas molecular
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diameters are on the order of 101 A. The proportion [ (k.z) ac (z/X)] leads to the dipole

approximation."5 The electric dipole approximation assumes that k-z is small (<(1),

allowing the terms exp(±ik.z) in A(I) to be approximated by the first term of the

expansion

e±ak. =1±ik.-z±-,(ik.z)2 _±... (3.19)

In this approximation, the A2 term in the expression for V(t) does not contribute to the

inelastic process of multiphoton absorption due to the orthogonality within the set of

zeroth-order molecular eigenstates.1  The perturbation caused by the interaction of the

molecule with the radiation field can therefore be written

V(t)= Me (A ..VXe'" +e`'0) (3.20)

For ease in following the next series of equations, V(I) is redefined as

V(t)= 'I'(e'" +e-"'t) where H'=-e(A.V) (3.21)
mc

Consider a three level system in which En < Em < Et and o). -- (ob. . Assume that the

system is initially in state n, and the zeroth-order coefficient of equation (3.13) is equal

to one. The first-order coefficient is then given by

da'Q(t) = -i(, V(t)l W)e,..t (3.22)

dt h
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Substitution of equation (3.21) into (3.22) leads to

da2)(t) -' + e'') (.3-ii~ o (3.23)
dt A mHIe (e+e

Integration of both sides yields an expression that allows separation of the exponential

terms into a term that is important for emission (o),, + co), and a term that is important

for absorption (o,. . 0o) .

a() (t) = _i(mjAIn)J 'e(,+,)t + (3.24)

Ignore the emission term and use only the absorption term to write the first-order

coefficient for a single photon absorption

a0) -i (mjf1'jn)(e'('-')' -1) (3.25). W = h i( W,_ - W)

Now the second-order process is treated by substitution of equation (3.25) into the

expression for the 2 nd order time-dependent coefficient (3.15)

da(')(t) i (•1 II11m)(mI'.#I XeI°--'" - I )(' t
O +Je-t ) (3.26)

dt he i i (3.2 o

Multiplication of the exponentials in (3.26) once again leads to separate emission and
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absorption terms

= i Y. (I I n(m)(mikIn)( i(M.-, )t - *-) +e (3.27)
dt (6). -- )

To solve for the second-order coefficient, keep only the absorption terms and integrate

with respect to time

( 2 ,) (lI/Itm)(mlI I )fi(am+1...-2,)t (3.28)
a, ~ ~ (n ai) e Jo0A-~d

Completing the integration leads to a very interesting result.

,, 2'(t)=- (4Ij'jm)(mjft'ln) (e'("-Z'-1) (ei',n.-, 1)1 (3.29)

The important point to note is that a resonance now appears at G0/, = 2o(, corresponding

to a resonant two-photon absorption. 6 The probability of this two-photon process is

found by application of equation (3.7)

1 I(lIjR'm)(mjft'In)j2 4 sin2mi.22) (3.30)
P,4n = aa, =F- (W. _ ), I (w;, - 20)
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Remember

jim! = 1
X--bo X2

Therefore, as the photon frequency (co) approaches the energy spacing for resonant

absorption (co,,,,,), the probability for the two-photon process => oo ! The importance of

resonance with a real intermediate electronic state for the multiphoton ionization process

follows directly from this derivation. The special case of two equal energy photon

absorption treated here may be modified for two-color MPI or n-photon MPI.

3.4 MPI FRAGMENTATION MECHANISM

Multiphoton ionization can induce fragmentation in a molecule during the

ionization process. Figure 3.1 represents a resonant two-photon ionization and its

competing processes. 8-10 Ground state molecule ABC absorbs a photon and transitions

to an excited electronic state designated ABC*. From the excited state, several processes

can occur:

1. Fluorescence or intramolecular relaxation which deplete the excited state

population and reduce ion yield;

2. Photoisomerization to form molecule ACB* which can undergo subsequent

absorption, ionization and dissociation;

3. Absorption of a second photon to reach the ionization continuum followed by

photodissociation into ions and neutral (or radical) fragments which can

subsequently absorb, ionize and dissociate.
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Figure 3.1 Schematic depicting the process of resonance-enhanced two-photon ionization

(R2PI) and competing processes such as nonradiative decay, fluorescence, and photo-

isomerization which reduce the efficiency of R2PI.
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The absorption/ionization/photodissociation sequence is known as the "ladder

switching" mechanism for UV laser induced multiphoton ionization.10 MPI fragmentation

occurs by multiple absorption/fragmentation steps along a ladder of consecutive and

parallel reactions. The extent of fragmentation is controlled by laser intensity and

wavelength selection.,5 '" The ability to control fragmentation is an important feature

which allows the possibility to distinguish isomers or to selectively ionize components in

a mixture. By careful choice of power and wavelength, compounds could be identified

by their characteristic fragmentation patterns.

A second mechanism used to explain laser multiphoton ionization-dissociation

(MPID) is the ladder mechanism, as discussed by EI-Sayed et al. 1' In the ladder

mechanism, only the parent species absorb photons and all fragment ions originate directly

from excited states of the parent ions. In contrast, the ladder-switching mechanism

permits larger fragment ions to absorb photons and directly produce smaller fragment

ions, whereas all of the ladder mechanism fragment ions originate directly from the parent

species. Fragmentation of the parent ion must occur within the laser pulse width to allow

absorption of photons by the fragments and hence, ladder-switching, to occur. If

dissociation occurs on a time scale longer than the pulse width, ladder-switching cannot

occur. Thus, the ladder mechanism should be the dominant MPID process at extremely

short (picosecond or less) pulse widths."I

3.5 ATTRIBUTES OF R2PI

Resonance with a real intermediate electronic state dramatically increases the

probability of a two-photon transition, as demonstrated by quantum theory. Employment

of R2PI techniques transform diffuse, nearly featureless one-photon ionization spectra into
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sharp, species distinctive spectra which display the intermediate state fine structure.

Tunable near UV and visible wavelengths for MPI are efficiently, conveniently generated

at high peak powers by readily available laser sources. Additionally, because ions and

electrons are very efficiently detected, MPI is much more sensitive than direct absorption

or even laser-induced fluorescence (LIF) in many cases. 6

The potential for isomer-specific analysis and selective ionization of one

component in a mixture makes R2PI of widespread interest to analytical chemists and

environmental organizations. R2PI has several important attributes for mass

spectrometry:
4

1. Extent of fragmentation is controlled by laser power:

a) "Soft" ionization produces primarily the molecular ion with little or no

fragmentation (low to moderate laser power).

b) "Hard" ionization produces increasing fragmentation as the power

density increases (fragments as small as C+ at very high powers).

2. Possible to generate optical absorption spectra of nonfluorescent compounds:

a) Laser must provide sufficient up-pumping rate to ionize molecule prior

to relaxation from excited state.

b) Efficient ionization possible for nonfluorescing molecules with very

short-lived (ps) excited states.

3. Ionization efficiencies are typically several percent within the laser beam

volume while laser is on. Efficiency is limited by:

a) Duty cycle of the laser

b) Absorption cross-section of the molecule
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c) Radiationless transition rate of molecule

Advances in technology continue to improve the capabilities of R2PI. The

introduction of shorter pulse width lasers has allowed researchers to compete with excited

state relaxation and photodissociation processes. The lifetime of the intermediate

electronic state that is initially excited in R2PI will significantly influence laser-induced

ion yield. If the species has a subnanosecond radiative lifetime, which is very short

compared to the widely used multinanosecond lasers, the molecule may relax after

excitation and not be ionized, thus avoiding detection. By using light pulses of such short

duration that relaxation or dissociation do not take place during the pulse itself, relaxation

or dissociation can no longer affect the ionization process.

EI-Sayed et al.11 observed that the mechanism of laser MPID in benzaldehyde

changed by shortening the excitation laser pulse width from 8 ns to 25 ps. The ion yield

of the parent-like C7H50+ ion increased dramatically using the picosecond laser pulse

width, implying a dominant ladder mechanism. More recently, Wilkerson and Reilly 12

employed a picosecond laser to effectively ionize monohalogenated benzenes (Cl, Br, and

I), which are known to have subnanosecond lifetimes. Nanosecond laser pulses were

unable to ionize the three halobenzenes under conditions of their experiments. Further

advances in laser technology will continue to expand the range of accessible and

observable molecular states.

The future of R2PI is bright. Laser technology is providing shorter pulse width

lasers which can increase ionization efficiency and outrace radiationless transitions.

Resolution continues to improve in mass spectrometers with the addition of pulsed nozzles

and reflectrons in time-of-flight instruments. The use of a pulsed valve permits direct
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injection from I atm into vacuum, which has great potential for real environmental

analysis. In addition, interfaces between multi-sector or FTMS instruments and laser

ionization sources are coupling the selectivity of laser photoionization with a high

resolution capability. Interfaces between laser ionization sources and capillary gas

chromatography columns has expanded the variety of molecules which may be examined

by R2PI methods. R2PI coupled with mass spectrometry has the potential to be a

powerful tool for the detection and identification of trace pollutants in the complicated

matrix of an environmental sample.
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CHAPTER 4

Experimental Apparatus

4.1 INTRODUCTION

This chapter provides an overall description of the experimental apparatus used in

the laser desorption-laser photoionization mass spectrometry (LDLPMS) studies of nitro-

PAH compounds. Discussion includes a description of the experimental hardware and

general experimental conditions of the LDLPMS system.1 Supporting mass spectrometry

studies of the nitro-PAR standards were performed on various instruments located at the

Facility for Advanced Instrumentation (FAI) in cooperation with Dr. A. D. Jones. The

final two sections are devoted to descriptions of the CC/MS, FAB, and El MS/MS

instrumentation and experiments.

4.2 LDLPMS INSTRUMENTATION

The block diagram shown in Figure 4.1 depicts the major components of the

experimental apparatus used for the present study. At the core of the LDLPMS

instrumentation is a custom-built TOF mass spectrometer operating in the linear mode.2,3

A more detailed side view of the spectrometer is presented in Figure 4.2. The sample

probe is inserted through a custom-designed fast load-lock assembly which eliminates the

need to break vacuum while changing samples. The probe tip is situated between the

repeller and extractor plates of the ion optics housed in the source region, and is in

electrical contact with the repeller plate via an extension tab. The source region is fitted

with SI-UV quartz and ZnSe (or BaF2) optical windows for transmission of the UV and
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Figure 4.1 Block diagram depicting the major components of the laser desorption-laser

photoionization time-of-flight mass spectrometry (LDLPMS) apparatus.
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Figure 4.2 Detailed side-view of the custom-built time-of-flight mass spectrometer used

for the current study.
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IR laser beams, respectively. Two 4-inch oil diffusion pumps equipped with cryotraps

(liquid N2 cooled) separately pump down the source and flight tube regions to an

operating vacuum of -10"6 torr.

Pulsed IR radiation at 10.6 microns is generated by a Lumonics Model 934 TEA

CO 2 laser. The IR pulse duration is 100 nsec (FWHM) with a lower energy 2 gsec tail.

The beam is attenuated to approximately 10 mJ/pulse and focussed through a 200 mm

focal length ZnSe lens into the source region. Beam diameter at the sample is 2 mm2 ,

yielding power density of approximately 5 x 106 W/cm 2 when operating at a pulse rate

of 5 Hz. Power measurements of the IR beam are made just prior to focussing using a

Scientech Inc. Model 37-4002 power meter.

Pulsed UV radiation is produced by a Q-switched Quanta Ray DCR-3 Nd:YAG

laser with an 8 nsec pulse width. The 1064 nm Nd:YAG fundamental is frequency

quadrupled in KD*P to obtain 266 nm radiation. Sum mixing of the 1064 nm

fundamental and the 266 nm fourth harmonic in BBO provides UV radiation at 213 nm.4

The UV laser beam is narrowed through an iris to a diameter of 2 mm to reduce beam

spread. Just prior to focussing through a 250 mm focal length SJ-UV quartz lens, the

beam diameter is 4 mm. At the focal point, the beam diameter is on the order of 10

microns, delivering power density in the range 108 - 109 W/cm 2 when the laser is

operated at 5 Hz (See appendix A). UV beam power is measured prior to the

spectrometer entrance window using a Molectron Model J9LP Pyroelectric Joulemeter

interfaced to a PcJ meter (Q&A Instruments). Beam paths of both lasers in the source

region are discussed in the next sections.

Positive ions formed by the LDLP process are accelerated through the ion optics
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into the flight tube and continue at constant velocity until impinging on the dual

microchannel plate (MCP) detector. The detector, Comstock Model CP-602, is mounted

in an off-axis geometry requiring that a deflection potential be applied to the ions as they

exit the source region. The off-axis geometry reduces background noise by minimizing

the transmission of neutral molecules to the detector, as only ions are directed toward the

detector by the deflection potential.

The current generated at the MCP detector is 50-ohm terminated into a 100 MHz

DSP Model 2001AS Transient Recorder and digitized with 8-bit precision. In a time

window of 40 psec, 32 KWord scans with a sampling interval of 10 nsec are collected.

In a typical experiment, data is collected and signal averaged by a DSP Model 4101

Averaging Memory over 100 to 500 laser pulses, then transferred by a CAMAC interface

to an Everex 386 microcomputer. Data acquisition and subsequent analysis are controlled

by software developed in-house.2 Raw data is collected as signal intensity versus flight

time. The collected data is converted and stored as intensity versus flight time squared

because mass-to-charge ratio is directly proportional to the square of flight time (see

Chapter 2).

Figure 4.3 is a detailed timing diagram of the signals required for event

synchronization in the LDLPMS experiment. Time t = 0 corresponds to the firing of the

flashlamps in the Nd:YAG laser. The flashlamp sync is delayed by a custom-built timing

circuit which adjusts the pretrigger for the CO 2 laser. At t = 200 psec, the Nd:YAG laser

Q-switch fires, simultaneously allowing the laser to fire. The relative arrival times of the

IR and LTV laser beams at the source can be observed with a photodiode detector and

adjusted to obtain the optimum 10 psec delay using the pretrigger circuit. The Q-switch
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Figure 43 Schematic showing the synchronization of events in an LDLPMS experiment,

with time t = 0 corresponding to the firing of the flashlamps in the Nd:YAG laser.
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sync is used to trigger the data acquisition electronics and lets the time origin in the TOF

spectra correspond to the arrival time of the UV laser beam at the source.

4.3 SINGLE-STEP LDLP EXPERIMENTS

The probe position and beam path geometry within the source region for a single-

step LDLP experiment are illustrated in Figure 4.4. This figure also details the repeller,

extractor, accelerator, and deflector potentials used under normal experimental conditions.

The aluminum probe tip has a flattened face which is positioned perpendicular to the

flight tube axis. The probe can be raised or lowered externally to allow analysis at

different locations on the same sample. The electrical contact between the probe tip and

the repeller plate ensures that the electric field gradient remains uniform.

A typical sample is prepared by depositing a 20-30 jal aliquot of a standard

solution via syringe, directly onto the flattened aluminum probe face. The sample is

allowed to air dry, forming a thin (< 1 mm) solid layer, and is then inserted into the

source region. The nitro-PAH and nitrobenzocoumarin standards, listed in Table 4.1

along with their purities, were obtained from Aldrich Chemical Co. and used as received.

Sample solutions are prepared at concentrations of 5-10 mg/ml in CH2CI2 . The relatively

high concentration allows the solid layer to be thick enough to minimize interference

caused by unintentionally desorbed aluminum ions.

Pulsed UV radiation at 213 nm or 266 nm is focussed into the source region

perpendicular to the flight tube axis, reducing the initial spatial spread at ion formation.

The UV beam path is directed such that the laser beam grazes the surface of the sample.

It is possible that a laser-induced thermal desorption (LITD) occurs at the fringe of the

beam waist. The LITD process imparts enough energy to the desorbed molecules to move
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Figure 4.4 Diagram of the source region in the TOFMS illustrating the desorption

geometry for a single-step laser photoionization experiment.
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Table 4.1 Properties of nitro-PAH and nitrated heterocyclic compounds showing purity,

molecular weight, formula and structure of each nitro-PAH and nitrobenzocoumarin

standard used in the current study.
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Table 4.1 Properties of Nitro-PAH and Nitrated Heterocyclic Compounds

COMPOUND MOLECULAR MOLECULAR MOLECULAR

(PURITY) FORMULA WEIGHT STRUCTURE

9-NITRO- NO,

ANHRACENE CI 4 H9NO 2  223

(97%)

6-NITRO-3,4- H 4

BENZOCOUMARIN C 13 HTNO4  241

(98%)
0

7-NITRO-3,4-
BENZOCOUMARIN C 13H 7NO 4  241

(98%)
"0

2-NITRO- HN 1 O

FLUORENE C 13 H9N 2  211

(98%)

2-NITRO-9-

FLUORENONE CI 3H7NO 3  225 NO,

(99%)

NO,

1-NITROPYRENE CI 6H9NO2  247

(9...7..)
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them a few microns from the surface and into a region of higher power density. Positive

ions then form just above the surface in the high-density plume by multiphoton ionization

(MPI), chemical ionization, and/or collision processes. 5 Laser energy generally ranges

from 5-20 pJ/pulse, yielding maximum laser power densities on the order of lO - 109

W/cm 2 at the focus. Positive ions formed during each laser pulse are accelerated into the

field-free flight tube and drift until impacting the (MCP) detector.

4.4 TWO-STEP LDLP EXPERIMENTS

A two-step LDLP experiment separates the desorption and ionization steps by

using the IR laser to induce thermal desorption and the UV laser to effect MPI in the gas

phase molecules. Figure 4.5 depicts the IR and UV beam path geometry within the

source region and lists the grid potentials used under normal experimental conditions.

The aluminum probe tip has a flattened face which is positioned perpendicular to the

flight tube axis. The probe can be raised or lowered externally to allow analysis at

different locations on the same sample. The electrical contact between the repeller plate

and the probe tip ensures that the electric field gradient remains uniform.

Glass fiber air-sampling filters (Gelman type A/E) are often used as the sample

substrate in these two-step experiments. Sample preparation involves dropping

approximately 50 pl of sample solution by syringe onto a -1 cm 2 piece of Gelman filter

and allowing the filter to air dry. The filter is then attached to the flattened probe face

with double-sided sticky tape and inserted into the source region. The nitro-PAH

standards, listed in Table 4.1 along with their purities, were obtained from Aldrich

Chemical Co. and used as received. Standard sample solutions are prepared at

concentrations of 5-10 mg/ml in CH 2CI2. Samples of NIST SlIM 1650 diesel particulate
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Figure 4.5 Side view of the source region in the TOFMS depicting the IR and UV beam

path geometry in a two-step laser desorption-laser photoionization experiment.
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matter are prepared in two ways. A few milligrams of the particulate is smeared directly

onto a Gelman filter, or the concentrated extract collected from a Soxhlet extraction is

dropped by syringe onto a Gelman filter.

The IR beam from the CO 2 laser is focussed into the source region from above

and is directed onto the sample surface by two intra-cavity gold-plated mirrors. These

mirrors are positioned such that the IR beam impinges on the surface at an approximate

300 angle. The IR laser power density is on the order of 106 W/cm 2 . The IR lase- pulse

generates a thermally desorbed plume of primarily neutral molecules which have their

primary velocity component along the flight tube axis. Approximately 10p.sec after

arrival of the IR beam, the focussed UV beam is pulsed into the plume of desorbed

neutrals to effect MPI. The UV beam path is perpendicular to the flight tube axis and

approximately 1 mm from the filter surface. The vertical and horizontal positions of the

two beams are adjusted externally to optimize the ion yield. ' Positive ions formed in the

source region are accelerated into the flight tube and drift until impacting the MCP

detector.

4.5 MASS CALIBRATION OF LDLPMS SPECTRA

The raw data of an LDLPMS experiment is collected as signal intensity versus

flight time. Because mass-to-charge ratio (m/z) is directly proportional to the square of

the flight time, the data files are converted and stored as intensity and flight time squared

data-pairs. Software developed in-house allows mass calibration of each spectra by fitting

the flight time squared values for the lower m/z ion fragments to a second order

polynomial and extrapolating to the higher m/z ions. A sample calibration using a

typical single-step spectrum of pyrene is demonstrated in Appendix B, and the
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significance of the fitting constants is explained.

4.6 GC/MS EXPERIMENTS

Analysis of the standard reference compounds in Table 4.1 by gas

chromatography/ mass spectrometry (GC/MS) was performed at the Facility for Advanced

Instrumentation (FAI) at the University of California, Davis, in cooperation with Dr. A.

Daniel Jones. Electron ionization (EI) spectra were obtained for all compounds and

negative ion chemical ionization (CI-) spectra were obtained for 9-nitroanthracene and 6-

nitro-3,4-benzocoumarin (2-nitro-6H-dibenzo[b,d]pyran-6-one). Appendix C contains the

total ion chromatogram (TIC) and the selected ion integrations (SII) used for comparison

with our laser photoionization mass spectra.

All spectra were acquired on a Hewlett-Packard 5890 GC equipped with a 15

meter, 0.25 mm i.d. DB-5 fused silica capillary column and interfaced to a VG Trio 2

mass spectrometer. The injector temperature was 275*C and the transfer line temperature

was 285*C. Approximately 2pl of sample solution, concentration -10O0pg/ml in CH 2C12,

were injected on column. The column was held at 40°C for one minute prior to ramping

at 10°C/ min to a final temperature of 285°C where it held for 5 minutes. Helium was

the carrier gas at a linear velocity of 35 cm/sec.

The same temperature program (NITRO) was used for both El and CI

experiments. However in El, positive ions were produced by a 70eV beam of electrons

via the reaction

M + e- -+ M+ + 2e-

El produced generally strong molecular ion and (M-N0 2) ion peaks for all nitro-PAH

along with extensive middle and lower mass fragments which help determine
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fragmentation pathways.

In CI', methane was used as the bath gas at a source pressure of _10-3 torr,

measured at the source manifold. Negative molecular ions were formed by the resonant

electron-capture reaction:

M + e- -+- M

Nitro-PAH have high electron-affinity and the two spectra acquired showed intense

molecular anion peaks accompanied by intense NO2- anion peaks. However, these spectra

contained little structural information.

4.7 FAB AND El MS/MS EXPERIMENTS

Fast atom bombardment (FAB) and electron ionization MS/MS experiments were

performed at the FAI by Dr. A. Daniel Jones. Appendix D contains all the FAB spectra

and Appendix E contains all the El MS/MS spectra acquired through these experiments.

All mass spectrometric measurements were performed in a VG ZAB-HS-2F mass

spectrometer with BE geometry. Sample concentrations were 1 mg/ml in CH2CI2.

An Ion Tech FAB gun operating at 8 keV with Xe gas produced the secondary

neutral beam for the FAB experiments. A 3pI aliquot of the solution was deposited onto

a stainless steel probe and evacuated in the foreline. After pressure stabilization, the

probe was inserted into position and bombarded with the neutral Xe beam. The source

pressure was maintained at approximately 10-5 mbar during the experiments. FAB spectra

were obtained for all six standards deposited onto the bare probe and for selected

compounds using a 3-nitrobenzylalcohol (NBA) or glycerol matrix.

El MS/MS experiments used the same instrument to perform daughter ion, parent

ion, and neutral loss analysis of selected standards. 6 A 2pl aliquot of sample solution was
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injected into a quartz crucible and introduced into the source via the solids probe. The

ions formed by 70eV electron ionization were accelerated by 8 keV toward the magnetic

sector. Fragmentation occurring in the first field-free region of the instrument was studied

by performing scans of constant B/E (daughter scans), constant B2/E (parent scans), and

constant (B/EI) 2/(I-E') for neutral loss scans. Nitrogen was introduced into the first field-

free region at a pressure of 1 x 10"' mbar. The parent ion, daughter ion, and constant

neutral loss experiments were particularly helpful in determining the fragmentation

pathway of the nitrobenzocoumarin compounds.
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CHAPTER 5

Laser Photoionization Time-of-Flight Mass Spectrometry of
Nitrated Polycyclic Aromatic Hydrocarbons

5.1 ABSTRACT

The mass spectra of several nitrated polycyclic aromatic hydrocarbons (nitro-PAH)

have been investigated by single-step laser photoionization time-of-flight mass

spectrometry. Pulsed U-V radiation at 266 nm or 213 nm was used for the desorption and

ionization of the solid sample deposited on an aluminum probe. Four nitro-PAH

standards have been examined: 9-nitroanthracene, 1-nitropyrene, 2-nitro-9-fluorenone,

and 2-nitrofluorene. Positive molecular ion was observed for each nitro-PAH, generally

with the stronger signal appearing in the 213 nm photoionization spectra. A very strong

[M-NO]+ ion peak was observed in all spectra which was often the base peak. An intense

NO+ ion peak accompanies the [M-NO]+ signal at 213 nm, but is only weakly present at

266 nm. The laser mass spectra of 2-nitro-9-fluorenone show an interesting extension of

the general nitro-PAH fragmentation pathway observed in the current study. Comparison

of the various spectra suggests that nitro-PAH undergo an excited state nitro-nitrite

photorearrangement prior to releasing NO, which is subsequently ionized by a multiphoton

ionization process. Photorearrangement of nitro-PAH may play a significant role in their

atmospheric transformation reactions.

5.2 INTRODUCTION

The analytical chemistry of nitrated polycyclic aromatic hydrocarbons (nitro-PAH)

is of widespread interest due to the highly mutagenic properties of this chemical class,
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Nitro-PAH are derivatives of PAH, which are abundant in fossil fuels and are the

incomplete combustion products of organic materials. Direct emission into the atmos-

phere from combustion sources distributes PAH between the gas and particle phases.1

Nitro-PAH present in direct emissions are primarily the electrophilic nitration products

resulting from adsorbed phase reactions of PAH with NOX and HNO3 Nitro-PAH found

in the atmosphere are often the result of an atmospheric transformation of the parent PAH

by the gas-phase reaction with OH radical in the presence of NO. pollutants. 2 Once

formed, atmospheric nitro-PAH can readily condense on respirable particulate matter.

Nitro-PAH have been determined in a variety of environmental samples including

diesel exhaust,3"9 urban and indoor air particulate,1'0 13 aluminum smelter effluent,14 coal

fly ash,15 and wood and cigarette smoke condensates.'6 '1 7 Determinations of nitro-PAH

in particulate matter have generally involved organic solvent I -trac i., HPLC fraction-

ation, and identification by various low and high resolution GC/MS techniques: methods

which tend to be time-consuming, labor-intensive and expensive. The concentration of

nitro-PAH in environmental samples is typically one to two orders of magnitude less than

that of the unsubstituted PAH present. Low concentrations coupled with their ubiquitous

presence and potent direct-acting mutagenicity underscore the importance of developing

highly sensitive and selective methods for determination of nitro-PAH in environmental

samples. Laser photoionization mass spectrometry (LPMS) offers the potential for such

sensitive, selective determinations.

The study of laser-induced dissociation, ionization, and fragmentation in

nitroaromatic molecules has generally been limited to nitrobenzene and its derivatives.

In experiments performed by Apel and Nogaris and Marshall et al.,19 20 the intense NO+
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ion peak observed in the laser photoionization mass spectra of nitrobenzene was attributed

to predissociation of the parent to lose NO2 , then predissociation of NO2 and subsequent

two-photon ionization of the NO fragment. Molecular ion was not observed and the base

peak was either [M-NO2]' or NO', depending on experimental conditions. Lubman et

al.21 were able to observe molecular ion for a number of substituted nitrobenzenes using

laser ionization at 213 nm or 266 nm under atmospheric pressure conditions.

Photoionization of nitro-containing compounds is a challenge owing to their fragility and

propensity to predissociate upon irradiation with UV light. Lubman attributes the

successful "soft" ionization (i.e. little fragmentation of the parent ion) of the fragile

nitroaromatics to the moderating effect of He background gas, which has a low collisional

effectiveness. A very recent study on the photodissociation of nitrobenzene by Huey et

al.22 identified three primary photodissociation pathways for the molecule. An observed

competition between the production of NO and NO2 (for X > 280 nm) allowed the

possibility of a nitro-nitrite rearrangement mechanism, as both products could be formed

through a common nitrite transition state.

In order to examine the application of laser photoionization time-of-flight mass

spectrometry (LPMS) to characterization and analysis of nitro-PAH, mass spectra have

been obtained at 266 nm and 213 nm for four nitro-PAH standards: 9-nitroanthracene,

1-nitropyrene, 2-nitro-9-fluorenone and 2-nitrofluorene. Molecular ion was observed for

each nitro-PAH, along with a very strong [M-NO]+ ion peak which was often the base

peak. An intense NO+ ion peak appears in the spectra at 213 nm, but is only weakly

present at 266 nm. Similarities in the spectra of these four nitro-PAH indicate competing

photofragmentation pathways which could be characteristic of other highly-conjugated
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nitro-containing compounds. Acquisition of representative spectra and identification of

characteristic photofragments are prerequisites for application of the LPMS method to

determination of nitro-PAH in environmental samples.

5.3 EXPERIMENTAL

Nitro-PAH standards were purchased from Aldrich Chemical Co., and were used

without further purification. The compounds studied were (molecular weight in

parenthesis) 9-nitroanthracene (223), 1-nitropyrene (247), 2-nitro-9-fluorenone (225) and

2-nitrofluorene(2 11). Molecular structure and stated purity are given in Table 5.1.

Laser photoionization mass spectra are obtained using a custom-built time-of-flight

mass spectrometer operating in the linear mode.23,2 4 The sample probe is inserted into

the source region through a custom-designed fast load-lock assembly which positions the

aluminum probe tip between the extractor and repeller plates of the Wiley-McLaren 25

based two-stage ion optics. The aluminum probe tip has a flattened face which is

positioned perpendicular to the flight tube axis. The probe can be raised and lowered

externally to allow analysis at different locations on the same sample. The source region

is fitted with SI -UV quartz windows to allow transmission of the UV laser beam. Two

oil diffusion pumps equipped with cryotraps separately pump down the source and flight

tube regions to an operating vacuum of - 10-6 torr.

Sample solutions of the nitro-PAH standards are prepared at concentrations of 5-10

mg/ml in CH2CI2. A typical sample is prepared by depositing a 20-30 A&l aliquot of a

standard solution, via syringe, directly onto the flattened probe face and allowing it to air

dry. The relatively high concentration of the standard solution yields a residual solid

layer thick enough to minimize interference from aluminum ion formation during
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Table 5.1 Properties of nitro-PAH showing purity, molecular weight, formula and

structure of each nitro-PAH compound used in the current study.
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Table 5.1 Properties of Nitro-PAH Standards

COMPOUND MOLECULAR MOLECULAR MOLECULAR

(PURITY) FORMULA WEIGHT STRUCTURE

9-NrITRO- NO,

ANTHRACENE CI 4 H 9N0 2  223

(970/)

NO,

I-NITROPYRENE C 16 H 9N0 2  247 I
(97%)I

2-NITRO-9- o

aLUORI•ONE C13H7N0 3  225 NtNO

(99%)

2-NITRO-

FLUORENE C13H 9N0 2  211 NO,

(98%)
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ionization of the sample.

Pulsed LTV radiation at 266 nm is produced using the fourth harmonic of a Q-

switched Quanta Ray DCR-3 Nd:YAG laser with an 8 ns pulse width. Sum mixing of

the Nd:YAG laser's 1064 nm fundamental and the 266 nm fourth harmonic in BBO (3 -

barium borate crystal) generates the 213 nm photons.26 The LUV laser beam is focussed

into the source region through a 250 mm S1-UV quartz lens, which is also used to. direct

the UV beam path such that the laser beam grazes the surface of the sample. Laser energy

is measured just prior to the spectrometer entrance window by a Molectron Model J9LP

Joulemeter interfaced to a PcJ meter (Q&A Instruments).

The laser-induced thermal desorption induced at the fringe of the beam waist

imparts enough energy to the desorbed molecules to move them a few microns from the

surface, and into a region of higher power density. Positive ions form just above the

surface in the high-density plume by multiphoton ionization, chemical ionization, and/or

collision processes. Laser energy typically ranges from 5-20 AJ/pulse while operating at

5 Hz, yielding maximum power densities on the order of 108 - 109 W/cm 2 at the focus.

Positive ions formed during each laser pulse are accelerated into the flight tube

and drift until impinging on the dual microchannel plate (MCP) detector. Current

generated at the MCP detector is 50-ohm terminated into a 100 MHz DSP Model 2001 AS

Transient Recorder and digitized with 8-bit precision. In a typical experiment, data is

collected and signal averaged by a DSP Model 4101 Averaging Memory over 100-200

laser pulses, then transferred by a CAMAC interface to an Everex 386 microcomputer.

Data acquisition and subsequent analysis are controlled by software developed in-

house.23,27 The Q-switch sync is used to trigger the data acuqisition electronics, allowing
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the time origin in the mass spectra correspond to arrival of the UV beam at the source.

5.4 RESULTS AND DISCUSSION

5.4.1 Laser Photoionization of 9-nitroanthracene and 1-nitropyrene

The molecular structures, formulas and weights of all four nitro-PAH examined

are collected in Table 5.1 for convenient reference. The laser photoionization mass

spectra of 9-nitroanthracene and I -nitropyrene possess many similar features (as might be

expected), and easily lend to side-by-side interpretation. Figure 5.1 presents the

photoionization mass spectra of 9-nitroanthracene at 213 nm and 266 nm. Molecular ion

is observed in both spectra, although slightly attenuated under 266 nm irradiation. The

base peak in each spectra corresponds to the [M-NO]+ fragment ion. Other significant

high mass fragments are [M-NO2]+ and [M-NO-CO]+ ions. The NO+ ion is a prominent

fragment in the 213 nm spectrum of 9-nitroanthracene, but was not observed in the 266

nm spectrum.

The "dimers" labelled in the spectra are dimers of nitroanthracene fragments and

bimolecular photoproducts produced on the surface during the desorption process. The

most probable identities of the three most prominent "dimer" peaks are C2 SHls (m/z 354:

dimer anthracene), C2&H1sO (m/z 370) and C2sH 160 2 (m/z 384). Observation of dimers

and photoproducts in the mass spectra indicates the possibility of condensed-phase

chemistry occurring on the surface as well as bimolecular interactions occurring in the

high-density desorption plume.

The photoionization mass spectra of 1-nitropyrene obtained at 213 nm and 266 nm

are shown in Figure 5.2. Molecular ion is observed in both spectra and is a strong peak

in the 213 nm spectrum. As in the 9-nitroanthracene spectra, the base peak in the spectra
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Figure 5.1 Single-step laser photoionization mass spectra of 9-nitroanthracene obtained

at 213 nm and 266 nm.
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Figure 5.2 Single-step laser photoionization mass spectra of 1-nitropyrene obtained at

213 nm and 266 nm.
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of 1-nitropyrene is the [M-NO]+ fragment ion, with the accompanying significant peaks

belonging to the [M-NO 2]' and [M-NO-CO]+ ions. The [M-O]+ ion peak is fairly weak,

but better defined in the 213 nm spectrum of 1-nitropyrene than in either of the 9-

nitroanthracene spectra. Once again dimers and photoproducts are observed, most likely

identified as C32H18 (m/z 402: dimer pyrene), C32H 1sO (m/z 418), and C 32 H 16 0 2 (m/z

432). The NO+ ion peak is still a prominent fragment at 213 nm, however a weak m/z

30 peak also appears at 266 nm among the low mass carbon fragments.

The major peaks observed in the photoionization spectra of 9-nitroanthracene and

I-nitropyrene suggest competing fragmentation pathways in the nitro-PAH. Two

mechanisms for the formation of the NO+ ion in nitrobenzene proposed by Marshall et

al., 20  parallel the apparent nitro-PAH fragmentation pathways. The primary frag-

mentation route produces the stable [M-NO]+ ion and the NO+ ion through predissociation

of the parent molecule to lose NO, and subsequent two-photon ionization of the resulting

fragments:2 °

M + hv -- (M-NO) + NO

(M-NO) + 2hv -* (M-NO)+ + e"

NO + 2hv -+ NO+ + e'

The competing fragmentation pathway which yields the [M-NO 21+ ion (parent-PAil ion)

can also lead to the production of NO+. The decomposition route involves predissociation

of the parent molecule to release NO 2 , followed by predissociation of the NO2 fragment

and subsequent two-photon ionization of NO (IP 9.25 eV): 20 ,28

M + hv --, (M-N0 2) + NO2

NO 2 + hv --, NO + 0
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NO + 2hv -* NO+ + e"

Predissociation of the parent to lose NO2 is identified by Marshall et al.20 as the

major route to formation of NO+ in nitrobenzene, based on their experimental results.

Their principal objection to NO+ formation via predissociation of the parent to lose NO

was the absence of the [M-NO]+ ion in photoionizatioi- mass spectra of nitrobenzene and

o-nitrotoluene, while the [M-NO2]+ ion was present in the nitrobenzene spectrum.

However, the spectra observed for nitro-PAH in the current study imply that parent

predissociation to yield (M-NO) and NO fragments is a major mechanism for nitro-PAH

decomposition. Photorearraugement within nitro-PAH to lose NO as a major decom-

position pathway may have a significant effect on atmosr, eric photochemistry of the

nitro-PAH species.

The loss of NO from nitro-containi,-g molecules has been postulated to proceed

through a nitro-nitrite rearrangement mechanism. 29-31 The nitro-nitrite rearrangement

involves isomerization from -NO2 to -ONO at the carbon atom to which the ,litro group

was originally attached. Ioki 32 reported the e.s.r. detection of several aryloxyl radicals

formed by nitro-compounds upon UV illumination. Specifically, the e.s.r. spectrum of 6-

nitrobenzo[a]pyrene after UV illumination, showed hyperfine structure identical to the

e.s.r. spectrum of benzo[ajpyren-6-oxyl radical produced by proton abstraction from

benzo[a]pyren-6-ol. loki concludes that formation of aryloxyl radicals is a consequence

of photorearrangement of the nitro group, noting that highly conjugated aromatic

compounds form more stable free radicals by delocalizing the unpaired electron.

Nitro-PAH are, by definition, highly conjugated aromatic compounds. The laser

photoion~zation mass spectra presented for 9-nitroanthracene and 1-nitropyrene show
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formation of a stable [M-NO]) ion, which is the base peak in their typical soft ionization

spectra. Figure 5.3 illustrates the competing photofragmentation pathways for 1-

nitropyrene which are generally applicable to other nitro-PAH in the current study. The

loss of 58 amu, corresponding to the [M-NO-CO]+ ion peak, could occur through either

stepwise (M-NO-CO) or concerted (M-CNO2) mechanisms, as both are energetically

feasible at the wavelengths used for ionization. After loss of NO2 or (NO-CO), fragmen-

tation follows the characteristic PAH pattern by sequential loss of acetylene (C2H2), and

other CnI-I fragments.

Figure 5.4 presents hard ionization spectra of 9-nitroanthracene obtained at 213

nm and 266 nm which are representative of other hard ionization spectra acquired for

nitro-PAH currently under study. The spectra tend to be noisier due to background

interference from the higher density of desorbed material in the plume. Notice that the

[M-NO]+ ion peak has decreased in magnitude as compared to the other significant high

mass fragments, and that the molecular ion is almost nonexistent in both spectra. The

NO+ ion peak now dominates the 213 nm mass spectrum and has also made a modest

appearance among the low mass carbon fragments in the 266 nm spectrum.

Opsal and Reilly 33 performed laser ionization GC/MS on several nitro- and

nitroso-containing compounds using a 193-nm ArF laser and a 248-nm KrF laser for

ionization sources. Significant NO+ yield was obtained for a variety of nitro- and nitroso-

molecules by ArF laser-induced ionization. However, even with more energetic KrF

pulses, only modest m/z 30 yield was obtained from nitro-containing compounds. Opsal

and Reilly recounted that NO absorption begins at 226 nm (A2Z+ +- X2I'l) and is

particularly strong in the 190 to 200 nm region due to the C2 Hn +- X21" and D2Z *- X2In
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Figure 5.3 Schematic depicting the proposed photofragmentation pathways for I-

nitropyrene, which may be generally applicable to other nitro-PAH compounds.
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Figure 5.4 Single-step laser photoionization mass spectra of 9-nitroanthracene showing

the effect of hard ionization at both 213 nm and 266 nm.
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bands. Additionally, Morrison et al. 4 ,3 5 concluded from their photodissociation study of

NO2 that the high energy predissociation pathway, NO2 -+ NO(X2 7r) + O('D), became

important soon after the B2B2 state of NO2 became energetically accessible (< 475 nm:

two-photon).

Therefore, at 213 nm the predissociation pathway of NO2 is accessible with one

photon to generate NO, in addition to the NO produced from the photoisomerization-

predissociation of the parent molecule. Additional NO production coupled with the

resonant absorption routes available for NO below 226 nm explains the predominance of

NO+ ion in the 213-nm spectra as compared to the 266-nm spectra. The modest presence

of an m/z 30 ion in the hard ionization mass spectra at 266 nm is probably due more to

nonresonant MPI processes, or collisional and charge transfer ionization of NO in the

plume, than to a resonant two-photon process.

5.4.2 Laser Photoionization of 2-nitrofluorene and 2-nitro-9-fluorenone

As shown by the structures given in Table 5.1, 2-nitrofluorene and 2-nitro-9-

fluorenone each contain a cyclopenta-fused ring. The photofragmentation pathways of 2-

nitrofluorene closely parallel those of 9-nitroanthracene and 1-nitropyrene already

presented. However, the carbonyl group in 2-nitro-9-fluorenone causes some interesting

variations in its fragmentation patterns that are apparent by comparison to the spectra of

2-nitrofluorene. Figure 5.5 shows the laser mass spectra of 2-nitrofluorene and Figure 5.6

presents the laser mass spectra of 2-nitro-9 fluorenone obtained by 213 nm and 266 nm

photoionization. The 213-nm spectra are examples of soft ionization, while the mass

spectra shown for 266 nm illustrate hard ionization of these two cyclopenta-fused ring

nitro-PAH.
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Figure 5.5 Single-step laser photoionization mass spectra of 2-nitrofluorene showing soft

ionization at 213 nm and hard ionization at 266 nm.
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Figure 5.6 Single-step laser photoionization mass spectra of 2-nitro-9-fluorenone showing

soft ionization at 213 nm and hard ionization at 266 nm.
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The laser mass spectra of 2-nitrofluorene in Figure 5.5 contain the major fragment

ions [M-NO]4 , [M-N0 2], and [M-NO-CO]+, as did the previously presented nitro-PAH

spectra. The molecular ion is observed at both wavelengths, though obviously attenuated

at 266 nm due to the hard ionization condition. The molecular ion was typically stronger

in 213 nm spectra, and the [M-O]+ ion peak was also more discernible at 213 nm.

Dimers and photoproducts appear in the spectra due to surface chemistry and bimolecular

interactions within the desorption plume. The NO+ ion is the predominant low mass

fragment in the 213-nm spectrum, but is also modestly present among the low mass

carbon fragments in the 266 nm spectrum. The wavelength dependence of the NO' ion

signal is also apparent in Figure 5.4, and was accounted for in the discussion of the hard

ionization of 9-nitroanthracene.

Photoionization mass spectra of 2-nitro-9-fluorenone in Figure 5.6 show many of

the major high mass fragments common to all the other nitro-PAH spectra presented thus

far. Molecular ion is observed at both wavelengths as is the [M-O]1 ion. The NO+ ion

is the dominant fragment in the 213-nm spectrum, and is a moderately strong peak in the

266-nm hard ionization spectrum. The [M-NO]+ ion is the base peak at 213 nm and a

strong peak in the 266-nm spectrum. However, the [M-NO-CO]+ fragment makes only

a modest appearance at either wavelength, and the [M-N0 2]' ion is weakly present and

is overshadowed by a peak of m/z 183 (possibly [M-CNO]+ ).

The two most interesting major fragment ions of 2-nitro-9-fluorenone appear in

the mid-mass range at m/z 151 and m/z 139. The peak corresponding to m/z 151 is

attributable to a diphenylene ion, [M-N0 2-CO]+, formed from the loss of the nitro group

and the carbonyl group that bridged the two benzene rings in the fluorenone structure.
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Figure 5.7 Proposed photofragmentation pathways and structures for the m/z 151 and

miz 139 fragment ions of 2-nitro-9-fluorenone.
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The m/z 139 peak is assignable to CtIH7+, formed by the loss of the carbonyl group

from the [M-NO-COI fragment. The routes to the [M-N0 2-CO] and C lH7 fragments and

their possible structures are depicted in Figure 5.7. The opening of the carbonyl bridge

is facilitated by the n -- n* transition excited within the carbonyl group of the fluorenone.

The absence of a carbonyl bridge in 2-nitrofluorene causes it to fragment by the common

PAH pattern, loss of acetylene, after NO2 or (NO-CO) fragments have departed from the

parent molecule.

5.5 CONCLUSIONS

Comparison of the laser photoionization mass spectra obtained for the four nitro-

PAH standards, 9-nitroanthracene, 1 -nitropyrene, 2-nitrofluorene and 2-nitro-9-fluorenone,

leads to the conclusion that there are competing photofragmentation pathways in nitro-

PAH which can result in the production of NO'. The primary fragmentation route

appears to proceed through a nitro-nitrite photoisomerization, allowing predissociation of

the parent molecule to release NO, with subsequent two-photon ionization of the NO

fragment. Photorearrangement within the nitro-PAH to lose NO may have a significant

effect on their atmospheric transformation reactions. The competing pathway involves

predissociation of the parent to lose NO2 , followed by predissociation of the NO2

fragment to produce the NO fragment, which is then ionized. Predissociation of NO2 to

(NO + 0) has been shown to dominate the two-photon photodissociation at wavelengths

shorter than 475 nm. 34

Photoionization using 266 nm and 213 nm radiation produced characteristic high-

and mid-mass fragmentation patterns for the nitro-PAH studied which could be

generalized for other nitro-PAH compounds. The abundant NO+ ion, observed even for
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relatively soft ionizations of the nitro-PAH standards, could dominate the spectrum under

hard ionization conditions. Despite the dominant NO+ ion, the higher mass characteristic

fragments remained as strong, identifiable peaks in the spectrum. Future work includes

application of LPMS to identify nitro-PAH in mixtures and ultimately, in environmental

samples, possibly using NO+ ion detection to determine their presence.
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CHAPTER 6

Laser Photoionization Time-of-Flight Mass Spectrometry of
Nitrobenzocoumarins and Coumarin Derivative Compounds

6.1 ABSTRACT

The mass spectra of several nitrobenzocoumarin and coumarin derivative

compounds have been investigated by single-step laser photoionization time-of-flight mass

spectrometry. Pulsed UV radiation at 213 nm was used for desorption and ionization of

the solid sample deposited on an aluminum probe. Two nitrobenzocoumarin isomers have

been examined: 6-nitro-3,4-benzocoumarin and 7-nitro-3,4-benzocoumarin. The polar

nitrobenzo,. imarins proved fragile under UV irradiation and readily fragmented to

produce intense m/z 139 and m/z 30 (NO+) ions. The considerably weaker high mass

fragments of the nitrobenzocoumarins included the molecular ion and characteristic [M-

NO]+, [M-NO-COl+, [M-NO2 -CO]+, and [M-NO-2CO]+ ions. Complementary El

MS/MS experiments have been performed on a VG ZAB-HS-2F mass spectrometer with

BE geometry to aide interpretation of the nitrobenzocoumarin laser mass spectra.

Three coumarin derivative compounds have been studied: 7-hydroxycoumarin, 7-

hydroxy-4-methylcoumarin and 2-nitro-6(5H)-phenanthridinone. The mass spectra of the

two hydroxy-containing derivatives yielded information on the fragmentation of the

coumarin backbone. The nitrophenanthridinone compound produced a series of significant

high and mid-mass fragment ions including M%, [M-NO]+, [M-NO2 ]+, and [M-NO-CO]+,

which are characteristic of nitro-PAH fragmentation patterns, Comparison of the spectra

acquired for the nitrobenzocoumarin isomers and the coumarin derivatives provides insight
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into the photofragmentation patterns of oxygenated nitro-PAH derivatives and possibly,

their atmospheric transformation reactions.

6.2 INTRODUCTION

The analytical chemistry of nitrated polycyclic aromatic hydrocarbons (nitro-PAH)

is of widespread interest due to the highly mutagenic properties of this chemical class.

Nitro-PAH are derivatives of PAH, which are abundant in fossil fuels and are the

incomplete combustion products of organic materials. Nitro-PAH have been determined

in a variety of environmental samples including diesel exhaust particulate, '7 ambient air

particulate, 8 "'l coal fly ash 12 and wood smoke condensates. 13 Nitro-PAH present in

direct emissions are primarily electrophilic nitration products resulting from adsorbed-

phase reactions of PAH with NOx and HNO3.1 4 Nitro-PAH found in the atmosphere

often result from the atmospheric transformation of the parent PAH by gas-phase reaction

with OH radical in the presence of NO, pollutants.14 The gas-phase reaction products

rapidly become particle-associated due to their low volatility. The majority of nitro-PAH

found in ambient air particulate matter are believed to be formed in the atmosphere.15"17

Nitrofluoranthenes and nitropyrenes are generally the nitro-PAH found in the

highest concentrations in ambient air particulate extracts. 18-21 However, Arey et al.22 have

shown that nitro-PAH, primarily nitrofluoranthenes and nitropyrenes, account for only

about 10% of the overall mutagenicity of ambient air particulate extract. Previous reports

by Nishioka et al., 232 4 Schuetzle and Lewtas,25 and Lewtas et al.26 used bioassay-directed

fractionation to demonstrate that most of the ambient air particulate mutagenicity is

attributable to organic compounds which are more polar than nitro-PAH. Specifically,

Nishioka et al.24 reported the first mass spectrometric evidence for hydroxylated nitro-
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PAH and hydroxylated nitro-polycyclic aromatic ketones (nitro-PAK) in mutagenic polar

fractions of ambient air particulate extract.

The 6-nitro-3,4-benzocoumarin compound investigated in the current study was

initially identified (as 2-nitro-6H-dibenzo[b,d]pyran-6-one) by Arey et al.,27 in environ-

mental chamber experiments, as a product of the gas-phase reaction of phenanthrene with

the OH radical in the presence of NOr Two isomers, the 2- and 4-nitro-6H-di-

benzo[b,d]pyran-6-one, have been subsequently quantified by Helmig et al.28 in southern

California ambient air samples and NIST SRM 1649 urban dust. Both isomers were

identified in the most mutagenic fractions of the particulate extracts. The contribution of

4-nitrodibenzopyranone to the mutagenic activity was negligible however, -45% of the

total activity in the particle-phase extracts was attributed to the 2-nitro isomer. In

addition, methyl derivatives of the nitrodibenzopyranones and nitrophenanthropyranone

compounds have been tentatively identified in mutagenic polar subfractions of southern

California ambient air particulate.29 The potent direct-ating mutagenicity of nitro-

dibenzopyranones (nitrobenzocoumarins) and their derivatives, coupled with their

generally low concentrations in environmental samples, underscores the importance of

developing sensitive, selective methods for their detection and identification.

In order to examine the application of laser photoionization time-of-flight mass

spectrometry (LPMS) to characterization and analysis of nitrobenzocoumarin and

coumarin derivatives, mass spectra have been obtained for five compounds: 6-nitro-3,4-

benzocoumarin, 7-nitro-3,4-benzocoumarin, 7-hydroxycoumarin, 7-hydroxy-4-methyl-

coumarin and 2-nitro-6(5H)-phenanthridinone. The hydroxy-containing coumarin

compounds provide information on the fragmentation of the coumarin backbone, while
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the nitrophenanthridinone yield information related to the higher mass fragmentation

patterns of the nitrobenzocoumarins.

The two polar nitrobenzocoumarin isomers are labile and readily fragment under

UV irradiation. The laser mass spectra of the labile nitrobenzocoumarins show weak

intensity in the mid- to high-mass region, but an intense peak is observed at m/z 139,

along with the characteristic NO+ ion peak. A series of interrelated EI MS/MS

experiments, including daughter ion and constant neutral loss, have been performed on

7-nitro-3,4-benzocoumarin to complement the laser photoionization study. The El MS/MS

spectra obtained in the current study are contained in Appendix E. Acquisition of

representative laser mass spectra and identification of characteristic photofragments may

contribute to the understanding of the atmospheric transformations of nitrobenzo-

coumarins, and are prerequisites to the application of the LPMS method for their

determination in environmental samples.

6.3 EXPERIMENTAL

Nitrobenzocoumarin and coumarin derivative standards were purchased from

Aldrich Chemical Co., and were used without further purification. The compounds

studied were (molecular weight in parenthesis) 6-nitro-3,4-benzocoumarin (241), 7-nitro-

3,4-benzocoumarin (241), 7-hydroxycoumarin (162), 7-hydroxy-4-methylcoumarin (176)

and 2-nitro-6(5H)-phenanthridinone. Molecular structure and purity are given in Table

6.1.

Laser photoionization mass spectra are obtained using a custom-built time-of-flight

mass spectrometer operating in the linear mode.30° 3 1 The sample probe is inserted into

the source region through a custom-designed fast load-lock assembly which positions the
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Table 6.1 Properties of nitrobenzocoumarins and coumarin derivatives showing purity,

molecular weight, formula and structure of each coumarin compound used in the current

study.
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Table 6.1 Properties of Nitrobenzocoumarins and Coumarin Derivatives

COMPOUND MOLECULAR MOLECULAR MOLECULAR

(PURITY) FORMULA WEIGHT STRUCTURE

NO,

6-NITRO-3,4-

BENZOCOUMARIN C 13 H 7 NO4  241
(98%) 0

0

NO,

7-NITRO-3,4- 2
BENZOCOUMARIN C 1 3 H 7NO 4  241

(98%)
0

7-HYDROXY-

COUMARIN C9H6 0 3  162 Iý o
(99%)

7-HYDROXY-4-

METHYL- Cl°H8 0 3  176
COUMARIN

(97%)

2-NITRO-6(5H)- NO,

PHENANTHRI- CIHN 2 0 3  240
DINONE N2

(90%)
0
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aluminum probe tip between the extractor and repeller plates of the Wiley-McLaren32

based two-stage ion optics. The aluminum probe tip has a flattened face which is posi-

tioned perpendicular to the flight tube axis. The probe can be raised and lowered

externally to allow analysis at different locations on the same sample. The source region

is fitted with S 1-UV quartz windows to allow transmission of the UV laser beam. Two

oil diffusion pumps, equipped with liquid nitrogen cooled cryotraps, separately pump

down the source and flight tube regions to an operating vacuum of - 10-6 torr.

Sample solutions of the nitrobenzocoumarin and hydroxy-coumarin standards are

prepared at concentrations of 5-10 mg/ml in CH 2CI2. A typical sample is prepared by

depositing a 20-30 pl aliquot of a standard solution, via syringe, directly onto the

flattened probe face and allowing it to air dry. The relatively high concentration of the

standard solution yields a residual solid layer thick enough to minimize interference from

aluminum ion formation during ionization of the sample. The nitrophenanthridinone

sample is prepared by directly attaching its crystals to the probe face using double-sided

sticky tape, as the solid is fairly insoluble in CH 2CI2 (and several other solvents).

Pulsed UV radiation at 266 nm is produced using the fourth harmonic of a Q-

switched Quanta Ray DCR-3 Nd:YAG laser with an 8 ns pulse width. Sum mixing of

the Nd:YAG laser's 1064 nm fundamental and the 266 nm fourth harmonic in BBO (03 -

barium borate crystal) generates the 213 nm photons. 33 The UV laser beam is focussed

into the source region through a 250 mm S1-UV quartz lens, which is also used to direct

the UV beam path such that the laser beam grazes the surface of the sample. Laser energy

is measured just prior to the spectrometer entrance window by a Molectron Model J9LP

Joulemeter interfaced to a PcJ meter (Q&A Instruments).
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The laser-induced thermal desorption induced at the fringe of the beam waist

imparts enough energy to the desorbed molecules to move them a few microns from the

surface, and into a region of higher power density. Positive ions form just above the

surface in the high-density plume by multiphoton ionization and/or collision processes.

Laser energy typically ranges from 5-20 pJ/pulse while operating at 5 Hz, yielding

maximum power densities on the order of 10s - 109 W/cm2 at the focus.

Positive ions formed during each laser pulse are accelerated into the flight tube

and drift until impinging on the dual microchannel plate (MCP) detector. Current

generated at the MCP detector is 50-ohm terminated into a 100 MHz DSP Model 2001 AS

Transient Recorder and digitized with 8-bit precision. In a typical experiment, data is

collected and signal averaged by a DSP Model 4101 Averaging Memory over 100-200

laser pulses, then transferred by a CAMAC interface to an Everex 386 microcomputer.

Data acquisition and subsequent analysis are controlled by software developed in-

house.30 -34 The Q-switch sync is used to trigger the data acquisition electronics, allowing

the time origin in the mass spectra correspond to arrival of the UV beam at the source.

Electron ionization MS/MS experiments on 7-nitro-3,4-benzocoumarin are

performed at the Facility for Advanced Instrumentation (FAI) by Dr. A. Daniel Jones.

Daughter ion, parent ion and constant neutral loss spectra are obtained using a VG ZAB-

HS-2F mass spectrometer with BE geometry. A 2.0 p1 aliquot of sample solution (- 1.0

mg/ml) is injected into a quartz crucible and introduced into the source via the solids

probe. The ions formed by 70 eV electron ionization are accelerated by 8 keV toward

the magnetic sector. Nitrogen at a pressure of 10-5 mbar is introduced into the first field-

free region. Fragmentation occurring in the first field-free region is studied by performing
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scans of constant B/E (daughter scans), constant B2/E (parent scans) and constant

(B/EI)2/(1-E') for neutral loss scans.

6.4 RESULTS AND DISCUSSION

6.4.1 Laser Photoionization and El MS/MS of Nitrobenzocoumarins

The molecular structures, formulas and weights of all the nitrobenzocoumarin and

coumarin derivatives examined in the current study are collected in Table 6.1 for

convenient reference. The fragmentation patterns observed in the laser mass spectra of

the two nitrobenzocoumarin isomers are very similar (as might be expected) and easily

allow side-by-side interpretation. Figure 6.1 presents the photoionization mass spectrum

of 7-nitro-3,4-benzocoumarin at 213 nm. The spectrum shown in Figure 6.2 illustrates a

slightly harder photoionization of 6-nitro-3,4-benzocoumarin at 213 nm. Laser power

density is increased by increasing the interaction area between the laser beam and the

solid sample. As demonstrated in Chapter 5 for the nitro-PAH, under hard ionization

conditions the NO+ ion dominates the spectrum, with a corresponding decrease in

intensity of the higher mass peaks.

The laser mass spectrum of 7-nitro-3,4-benzocoumarin displayed in Figure 6.1

clearly shows the higher mass fragment peaks, although their intensity is much less than

the m/z 139 ion peak. The peak assignments and m/z values are collected in Table 6.2.

The general high mass fragmentation pattern of the 7-nitrobenzocoumarin is also

discernable in the spectrum of the 6-nitro isomer, shown in Figure 6.2. Accompanying

peak designations are give in Table 6.3. The molecular ion is observed in each spectrum

and the major mid- to high-mass peaks arise from a loss of NO or NO2 , followed by

successive loss of CO fragments. Similar to the nitro-PAH spectra presented in Chapter
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Figure 6.1 Single-step laser photoionization mass spectrum of 7-nitro-3,4-benzocoumarin

showing the prominent m/z 139 ion peak.

Table 6.2 Peak assignments for the single-step laser photoionization mass spectrum of

7-nitro-3,4-benzocoumarin obtained at 213 nm.
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Table 6.2 Peak Assignments for 7-nitro-3,4-benzocoumarin

Peak JAssignment mlz

a M+__ _ _ __ _ _ _ _ __ _ _ _ _ _ 241

b (M-0)+ 225

c (M-N0)+ 211

d (M-CC0)+ 201

e (M-NO 2)+ 195

f (M-N0-CO)+ 183

g (M-N0 2-co). 167

h (M-NO-CO-CO)+ 155

_____ (M-N0 2-CO-Co)+ 139

j (M-N0-C0-C0-C0)+ 127

IL k (M-N02,C0-C0-C)H 2L ~ 113
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Figure 6.2 Single-step laser photoionization mass spectrum of 6 -nitro-3,4-benzocoumarin

displaying a dominant NO' ion peak.

Table 6.3 Peak assignments for the single-step laser photoionization mass spectrum of

6 -nitro-3,4-benzocoumarin obtained at 213 nm.



116

1.0 - *

NO~ FIGURE 6.2
0.8 6-NITRO-3.4-BENZOCOUMARIN

0.8 213 nm

z C H
w 0.6 11 7

z
w 0.4

w 0.2

0.0 .JL 4 IiSAw .b
II

010200 300 400

m/z

Table 6.3 Peak Assignments for 6-nitro-3,4-benzocoumarin

Peak Assignment J inZ

a M+_________________ 241

b (M-())+ 225

c (M-NO)+ 211

d (M-NO-CO)+ 183

e (M-N0 2 -co)+ 167

f (M-N0-C0-C0)' 155

g (M-NO 2-C0-C0)+ 139

h (M-NO-C0-C0-CO)+ 127

_____ (M-N0,-CO-CO-C,H,)+ 113
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5, the NO+ ion is the prominent low mass fragment in the 7-nitrobenzocoumarin spectrum,

and is the base peak in the spectrum of the 6-nitro isomer. By far, the most intense

fragment in the mid- to high-mass region is the m/z 139 ion peak, and the question of its

identity led to the performance of El MS/MS experiments.

Two main possibilities existed for the identity of the m/z 139 ion, p-nitrophenol

or a carbon-hydrogen fragment with a diphenylene-type structure. The first El MS/MS

experiment performed on 7-nitro-3,4-benzocoumarin identified ion fragments that showed

a constant neutral loss (CNL) of 30. The CNL experiment is designed to identify nitro-

containing fragments of the parent ion, as a neutral loss of 30 would correspond to a loss

of the NO fragment. The m/z 139 fragment does not appear in the CNL spectrum shown

in Appendix E.

Subsequent El MS/MS experiments were performed to determine the parent and

the daughter ions of the m/z 139 fragment. The parent ion spectrum revealed that m/z

139 arose primarily from the m/z 167 fragment ion. The daughter ion spectrum

determined that m/z 113 was the only daughter ion arising from the m/z 139 fragment,

corresponding to a loss of acetylene (C2H2 : m/z 26). No peaks corresponding to a loss

of NO (m/z 30), NO2 (m/z 46), OH (m/z 17), or H20 (m/z 18) were observed.

Comparison of the CNL, parent and daughter ion spectra (all presented in Appendix E),

clearly points to identification of the m/z 139 peak as C,,H1 +, with the same possible

structure as shown in Figure 5.7 for the m/z 139 fragment of 2-nitro-9-fluorenone.

An unexpected result of the El MS/MS daughter ion experiments was the

appearance of a strong peak at m/z 201 in the daughter ion spectrum of the 7-nitro-3,4-

benzocoumarin molecular ion (m/z 241). A small m/z 200 peak is observed in the CNL
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spectrum. A subsequent daughter ion spectrum of m/z 200 showed a major peak at m/z

170, corresponding to a loss of NO (m/z 30). The daughter spectra for m/z 241 and m/z

200 are also contained in Appendix E. In the laser mass spectrum of 7-nitro-3,4-

benzocoumarin (Figure 6.1), a peak is observed at m/z 201. Based on the El MS/MS

experiments, the m/z 201 peak in the laser mass spectrum is tentatively assigned as the

[M-CCO]+ ion. The CCO fragment is presumed to arise from fragmentation of the

coumarin lactone structure.

Comparison of the various spectra obtained for the two nitrobenzocoumarin

isomers indicates competing fragmentation pathways for nitrobenzocoumarins similar to

the pathways deduced for nitro-PAH photofragmentation in Chapter 5. The appearance

of the [M-NO]+ ion as one of the stronger high mass peaks allows the possibility of a

nitro-nitrite rearrangement occurring during the desorption-photoionization process.

However, the intense C IH7+ ion peak (m/z 139), arising from the pathway [M-N0 2-CO-

CO], implies that loss of NO2 is the major fragmentation pathway for the nitrobenzo-

coumarin compounds under UV irradiation. The [M-NO 2]+ ion (m/z 195) is particularly

weak in the spectrum of 7-nitro-3,4-benzocoumarin, and apparently absent in the spectrum

of the 6-nitro isomer. The weak appearance of the [M-NO2]+ ion is attributable to the

instability of the phenanthrene lactone fragment ion, formed by loss of NO2 from the

parent, and its propensity to rapidly release carbon monoxide to form the highly stable

m/z 139 ion.

6.4.2 Laser Photoionization of Coumarin Derivative Compounds

The laser mass spectra of 7-hydroxycoumarin and 7-hydroxy-4-methylcoumarin

have been obtained at 213 nm in order to study fragmentation of the coumarin backbone
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structure contained in the nitrobenzocoumarins. The third derivative examined, 2-nitro-

6(SH)-phenanthridinone, possesses a structure very similar to the nitrobenzocoumarins,

with the substitution of an amino (NH) group into the phenanthrene lactone structure.

The laser mass spectra of nitrophenanthridinone have been acquired for comparison with

the photoionization spectra of the nitrobenzocoumarin compounds. Molecular structures

of the three coumarin derivatives are displayed in Table 6.1 for reference.

The 213 nm photoionization spectra and peak assignments for 7-hydroxycoumarin

and 7-hydroxy-4-methylcoumarin are presented in Figure 6.3. A strong, apparently

protonated molecular ion peak is observed for each hydroxylated coumarin. Protonation

could easily occur by intermolecular interactions in the high density desorption plume.

Both spectra show major fragments 'c', attributable to the loss of COH (m/z 29) from the

protonated molecular ion. The COH fragment most likely departs from the hydroxylated

aromatic ring portion of the molecules. The spectrum of 7-hydroxycoumarin also contains

a major fragment at m/z 107 and an accompanying m/z 105 peak. The m/z 107 peak is

tentatively attributed to loss of two carbon monoxide molecules from the protonated

molecular ion. The m/z 105 fragment, which is also observed for 7-hydroxy-4-

methylcoumarin, is assigned as successive loss of two COH fragments from the

hydroxycoumarin and loss of (COH-CH 3-CO) from the methylcoumarin protonated

molecular ions. Apparently, the coumarin backbone fragments by successive loss of

carbon monoxide, rather than concerted loss of the entire carbon dioxide molecule.

Figure 6.4 displays the laser mass spectra of 2-nitro-6(5H)-phenanthridinone

obtained at 213 nm. The peak assignment information is given in Table 6.4. The mid-

to high-mass peaks in the spectrum are of moderate to strong intensity and are readily
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Figure 6.3 Single-step laser photoionization mass spectra of 7-hydroxycoumarin and 7-

hydroxy-4-methylcoumarin obtained at 213 nm.
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Figure 6.4 Single-step laser photoionization mass spectrum of 2-nitro-6(5H)-phenanthri-

dinone, displaying more intensity in the mid- and high-mass regions than the nitrobenzo-

coumarin spectra.

Table 6.4 Peak assignments for the single-step laser photoionization mass spectrum of

2-nitro-6(SH)-phenanthridinone obtained at 213 nm.
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Table 6.4 Peak Assignments for 2-nitro-6(5H)-phenanthridinone

Peak Assignment m/z

aM+ 240

b (M-O)+ 224

c (M-NO)+ 210

d (M-N0 2)+ 194

e (M-NO-CO)+ 182

f (M-NO 2-CO)+ 166

g (M-NO-CO-CO)+ 154

h (M-N0 2-CO-CNH)+ 139

i (M-NO-CO-CO-CNH)+ 127
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calibrated. The phenanthridinone structure appears better able to stabilize the [M-NO]+

ion, possibly formed by a nitro-nitrite photorearrangement. In addition, the [M-NO2]+,

[M-NO-CO] , and [M-NO 2-CO1+ fragment ions are easily identified in the spectrum. As

is characteristic of nitroaromatics, the NO+ ion is prominent in the low mass region (the

m/z 23 peak is attributed to a Na impurity). Overall, the observed fragmentation pattern

of 2-nitro-6(5H)-phenanthridinone initially follows the nitro-PAH fragmentation pattern,

then continues to fragment by successive loss of CO, along the lines of the coumarin

compounds. The nitrophenanthridinone mid- and high-rmass fragments showed much

more intensity than those of the nitrobenzocoumarins and provided confirmation of the

proposed fragmentation of the nitrobenzocoumarin compounds.

6.5 CONCLUSIONS

The 213-nm photofragmentation pathways of two nitrobenzocoumarin isomers have

been tentatively determined through a series of single-step laser photoionization time-of-

flight mass spectrometry experiments on 6- and 7-nitro-3,4-benzocoumarin and three

coumarin derivative compounds. Complementary EI MS/MS experiments performed on

7-nitro-3,4-benzocoumarin proved valuable in identifying the primary mid-mass

photofragment of the nitrobenzocoumarin compounds. The major mid-mass fragment,

observed at m/z 139, has been assigned to the C11H7+ ion, with the possible structure

equivalent to that proposed for the m/z 139 fragment of 2-nitro-9-fluorenone in Figure 5.7.

The laser mass spectra obtained for two hydroxylated coumarin compounds and a

nitrophenanthridinone confirmed the proposed fragmentation pathways for the nitrobenzo-

coumarins currently under study.

The nitrobenzocoumarin isomers are proposed to fragment by initially following
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the characteristic nitro-PAH fragmentation pathway. Fragmentation then continues by

successive loss of carbon monoxide, along the lines of the coumarin backbone

fragmentation pattern. The very intense m/z 139 peak, arising from the pathway [M-N0 2-

CO-CO], coupled with observation of the prominent, often dominant, NO' ion in the

nitrobenzocoumarin spectra, suggests that loss of NO2 may be the primary fragmentation

pathway for nitrobenzocoumarins. However, presence of significant fragments arising

from loss of NO, followed by consecutive loss of CO, indicates a competing

fragmentation pathway exists for nitrobenzocoumarin molecules.

Nitrobenzocoumarins have been identified as products in the gas-phase reactions

of phenanthrene with OH radical in the presence of NOV27 a common urban air pollutant.

The 6-nitrobenzocoumarin isomer was identified and quantified in southern California

urban air particulate samples and in NIST SRM 1649 urban dust.28 Up to -45% of the

overall direct-acting mutagenicity of the urban air particulate extracts was attributed to the

presence of 6-nitro-3,4-benzocoumarin. It is hoped that the current study of

nitrobenzocoumarin photofragmentation patterns will contribute to a better understanding

of the atmospheric transformation reactions of this potent mutagenic class. Future work

includes application of negative ion laser time-of-flight mass spectrometry to the

nitrobenzocoumarin compounds, and ultimately, application of LPMS to determine the

presence of highly mutagenic nitrobenzocoumarins in environmental samples.
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CHAPTER 7

Laser Photoionization Time-of-Flight Mass Spectrometry of
Mixtures Containing Nitrated Polycyclic Aromatic Hydrocarbons

7.1 ABSTRACT

The mass spectra of several two-component mixtures of nitrated polycyclic

aromatic hydrocarbons (nitro-PAH ) have been investigated by single-step laser photo-

ionization time-of-flight mass spectrometry. Additionally, laser mass spectra of a six-

component mixture containing two nitro-PAH and four PAH standards have been

examined. Pulsed UV radiation at 213 nm was used for the desorption and ionization of

the solid sample deposited on an aluminum probe. Four nitro-PAH standards were

studied: 9-nitroanthracene, 1 -nitropyrene, 2-nitrofluorene, and 2-nitro-9-fluorenone. The

two-component mixtures contained two of the four standard nitro-PAH in equivalent mass

amounts. The composition of the PAIHnitro-PAH mixture was modelled after the

composition of NIST SRM 1650 diesel particulate matter.

Strong NO+ ion peaks are visible in all the two-component nitro-PAH mass

spectra. In two-component mixtures containing 1-nitropyrene, the high mass peaks in the

spectra are predominantly fragments of 1-nitropyrene. The [M-NO]+ ion peak is the

strongest high mass fragment peak observed for both 9-nitroanthracene and 2-nitrofluorene

in mixtures with I -nitropyrene. The laser mass spectra of the six-component PAH/nitro-

PAH mixture were dominated by PAH molecular ions and fragment ions. Significant

intensity in the NO+ ion peak was only observed under very hard ionization conditions.

Comparison of the various spectra suggest that identification of a singular nitro-PAH
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component in a mixture of nitro-PAH could be accomplished by laser photoionization

methods.

The photofragmentation patterns determined for the nitro-PAH standards in

Chapter 5 show characteristic [M-NO]+, [M-NO2]+ and [M-NO-CO]+ ions as well as the

molecular ion and a strong NO+ ion peak. The NO' ion peak is also a strong fragment

ion in nitrobenzene laser mass spectra however, the [M-NO]+ ion, characteristic of highly

conjugated nitro-PAH, is typically not observed in laser ionization spectra of lesser

conjugated nitro-aromatics such as nitrobenzene.1 The characteristic high mass fragments,

combined with observation of the strong NO+ ion peak, may be useful in the

determination of nitro-PAH in PAH-dominated mixtures.

7.2 INTRODUCTION

The analytical chemistry of nitrated polycyclic aromatic hydrocarbons (nitro-PAH)

is of widespread interest due to the highly mutagenic properties of this chemical class.

Nitro-PAH are derivatives of PAH, which are abundant in fossil fuels and are the

incomplete combustion products of organic materials. Direct emission into the atmos-

phere from combustion sources distributes PAH between the gas and particle phases.2

Nitro-PAH present in direct emissions are primarily the electrophilic nitration products

resulting from adsorbed-phase reactions of PAH with NOX and HNO3.3 Nitro-PAH found

in the atmosphere are often the result of an atmospheric transformation of the parent PAH

by the gas-phase reaction with OH radical in the presence of NOx pollutants. 3 Once

formed, atmospheric nitro-PAH can readily condense on respirable particulate matter.

Nitro-PAH have been determined in a variety of environmental samples including

diesel exhaust,4"10 urban and indoor air particulate," 1-14 aluminum smelter effluent,15 coal
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fly ash, 16 and wood and cigarette smoke condensates.17.1 8 The concentration of nitro-

PAH in environmental samples is typically one to two orders of magnitude less than that

of the unsubstituted PAH present. Low concentrations coupled with their ubiquitous

presence and potent direct-acting mutagenicity underscore the importance of developing

highly sensitive and selective methods for determination of nitro-PAH in environmental

samples. Laser photoionization mass spectrometry (LPMS) offers the potential for

accomplishing such sensitive,selective determinations.

As demonstrated by several studies on diesel particulate matter4 "9 and urban air

particulate,1'0 14 an environmental sample is an extremely complex mixture containing

PAH, nitro-PAH, hydroxylated and oxygenated PAH-derivatives, as well as numerous

aliphatic and inorganic compounds. Determinations of nitro-PAH in environmental

samples have generally involved organic solvent extraction, HPLC fractionation, and

identification by various low and high resolution GC/MS methods. Particulate extracts

are typically fractionated into non-polar (PAH), moderately polar (nitro-PAH), and highly

polar (oxy- and hydroxy-PAH) subfractions for chemical and bioassay analysis. Schuetzle

et al..7 found approximately 200 nitro-PAH species present in the moderately polar

fractions of diesel exhaust extract. The definitive analysis of individual nitro-PAH in

environmental samples is complicated by the complexity of the samples and the generally

low concentration of nitro-PAH relative to unsubstituted PAR.

In order to examine the application of laser photoionization time-of-flight mass

spectrometry (LPMS) to cha. cterization and analysis of nitro-PAH in mixtures, mass

spectra have been obtained at 213 nm for two-component mixtures of four nitro-PAH

standards: 9-nitroanthracene, 1-nitropyrene, 2-nitrofluorene, and 2-nitro-9-fluorenone. In
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addition, a six component mixture containing four PAH and two nitro-PAH standards was

investigated to evaluate the potential of LPMS for determination of nitro-PAH in a

mixture with unsubstituted PAH. The composition of the six component mixture was

modelled on the composition of NIST SRM 1650 diesel particulate matter. The high

mass regions in all the laser mass spectra of two-component mixtures containing 1-

nitropyrene were dominated by 1-nitropyrene fragment ions. However, it was usually

possible to identify characteristic peaks of each nitro-PAH component in the two-

component mixture spectra. The presence of nitro-PAH in the six-component mixture was

more difficult to detect as the characteristic NO+ ion was abundant only under hard

ionization conditions, which significantly decreased the resolution of high mass peaks in

our spectra. The representative spectra acquired in the current study are prerequisites for

application of the LPMS method to the determination of nitro-PAH in more complex

mixtures.

7.3 EXPERIMENTAL

PAH and nitro-PAH standards were purchased from Aldrich Chemical Co., and

were used without further purification. The PAH standards used were (molecular weight

and stated purity in parenthesis): phenanthrene (178, 98%), pyrene (202, 99%), chrysene

(228, 98%), and benzo[e]pyrene (252, 99%). The nitro-PAH compounds studied were 9-

nitroanthracene (223, 97%), 1-nitropyrene (247, 97%), 2-nitrofluorene(211, 98%), and 2-

nitro-9-fluorenone (225, 99%).

Laser photoionization mass spectra are obtained using a custom-built time-of-flight

mass spectrometer operating in the linear mode.192 0 The sample probe is inserted into

the source region through a fast load-lock assembly which positions the aluminum probe
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tip between the extractor and repeller plates of the Wiley-McLaren 2 1 based two-stage ion

optics. The aluminum probe tip has a flattened face which is positioned perpendicular

to the flight tube axis. The probe can be raised and lowered externally to allow analysis

at different locations on the same sample. The source region is fitted with SI-UV quartz

windows to allow transmission of the UV laser beam. Two oil diffusion pumps equipped

with cryotraps separately pump down the source and flight tube regions to an operating

vacuum of- 10.6 torr.

Sample solutions of the two-component mixtures of nitro-PAH standards contain

an equal amount (- 1 mg) of each component, prepared at concentrations of 5-10 mg/ml

in CH2C12. The six-component PAH/nitro-PAH mixture consists of phenanthrene (7.1 ±

0.1mg), pyrene (4.9 ± 0.1mg), chrysene (2.9 ± 0.1mg), benzo[e]pyrene (1.0 ± 0.1mg), I-

nitropyrene (2.0 ± 0.1mg), and 2-nitrofluorene (0.15 ± 0.05mg), prepared to 15-20 mg/ml

in CH 2CI2. A typical sample is prepared by depositing a 20-30 MI aliquot of a standard

solution, via syringe, directly onto the flattened probe face and allowing it to air dry,

forming a thin solid layer. The relatively high concentration of the standard solution

yields a residual solid layer thick enough to minimize interference from aluminum ion

formation during ionization of the sample.

Pulsed UV radiation at 266 nm is produced using the fourth harmonic of a Q-

switched Quanta Ray DCR-3 Nd:YAG laser with an 8 ns pulse width. Sum mixing of

the Nd:YAG 1064 nm fundamental and the 266 nm fourth harmonic in BBO (03 -barium

borate crystal) generates the 213 nm photons.22 The UV laser beam is focussed into the

source region through a 250 mm SI-UV quartz lens, which is also used to direct the UV

beam path such that the laser beam grazes the surface of the sample. Laser energy is
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measured just prior to the spectrometer entrance window by a Molectron Model J9LP

Joulemeter interfaced to a PcJ meter (Q&A Instruments).

The laser-induced thermal desorption induced at the fringe of the bean waist

imparts enough energy to the desorbed molecules to move them a few microns from the

surface, and into a region of higher power density. Positive ions form just above the

surface in the high-density plume by multiphoton ionization and/or collision processes.

Laser energy typically ranges from 5-20 .aJ/pulse while operating at 5 Hz, yielding

maximum power densities on the order of 108 - 109 W/cm 2 at the focus.

Positive ions formed during each laser pulse are accelerated into the flight tube

and drift until impinging on the dual microchannel plate (MCP) detector. Current

generated at the MCP detector is 50-ohm terminated into a 100 MHz DSP Model 200 1AS

Transient Recorder and digitized with 8-bit precision. In a typical experiment, data is

collected and signal averaged by a DSP Model 4101 Averaging Memory aver 100-500

laser pulses, then transferred by a CAMAC interface to an Everex 386 microcomputer.

Data acquisition and subsequent analysis are controlled by software developed in-

house.202 3 The Q-switch sync is used to trigger the data acquisition electronics, allowing

the time origin in the mass spectra to correspond to arrival of the UV beam at the source.

7.4 RESULTS AND DISCUSSION

7.4.1 Two-Component Mixtures of Nitro-PAH

The molecular structures, formulas and weights of all four nitro-PAH standards

used to make up the two-component mixtures are collected in table 5.1 for convenient

reference. The laser photoionization mass spectra of 9-nitroanthracene, 1-nitropyrene, 2-

nitrofluorene, and 2-nitro-9-fluorenone presented in Chapter 5 show fragmentation patterns
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characteristic of nitro-PAH. Using 213 nm photoionization, molecular ion is observed in

the nitro-PAH spectra and the base peak is often the [M-NO]+ fragment ion. Other

characteristic high mass fragments of nitro-PAH are the [M-NO2]+ and [M-NO-CO]+ ions.

Dimers and photoproducts observed in the high mass region are attributable to condensed-

phase surface chemistry and bimolecular interactions occurring during the desorption

process. The NO+ ion is the prominent low mass fragment in the 213 nm spectra of all

the nitro-PAH standards in the current study.

Laser photoionization mass spectra obtained at 213 nm, are presented for five two-

component mixtures of the nitro-PAH standards. The nitro-PAH two-component mixtures

(and molecular weights of the components) investigated in the current study are:

Sample 1: l-nitropyrene (247) and 9-nitroanthracene (223)

Sample 2: 1-nitropyrene (247) and 2-nitrofluorene (211)

Sample 3. 1-nitropyrene (247) and 2-nitro-9-fluorenone (225)

Sample 4: 9-nitroanthracene (223) and 2-nitrofluorene(21 1)

Sample 5: 2-nitrofluorene (211) and 2-nitro-9-fluorenone (225)

Equal mass amounts of each nitro-PAH were used to make up the two-component

mixtures. The sixth combination, 9-nitroanthracene (223) and 2-nitro-9-fluorenone (225),

is not examined because the high mass fragments are not separable at current instrument

mass resolution capability.

The photoionization mass spectrum of sample 1, 1-nitropyrene and 9-nitro-

anthracene, is shown in Figure 7.1, and peak assignments are given in Table 7.1. The

molecular ion, along with the [M-NO]+, [M-NO2]+, and [M-NO-CO]' major fragment ions

of each component in sample 1 are observable in the spectrum. The fragment ions belong-
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Figure 7.1 Single-step laser photoionization mass spectrum of an equal mass mixture of

1-nitropyrene and 9-nitroanthracene, obtained at 213 nm.

Table 7.1 Peak assignments for the single-step laser photoionization mass spectrum of

a two-component mixture containing 1-nitropyrene and 9-nitroanthracene.
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Table 7.1 Peak Assignments: 1-nitropyrene [INP] & 9-nitroanthracene [9NA]

Peak____ Assignment ___________

a M IP 4

b M 9A 2

c (M-N0)+ [INPI 217_______

d (-0) IP 0

e MN) 9A 9

f (M-NO-CO)+ [INPI19

g (M-NO 2 )+ [9NA] 177_______

h (M-N0-C0)+ [9NAJ 165

______ (M-N0.CO-C,H2)- [INPI 163



139

ing to 1-nitropyrene are considerably more intense than the corresponding fragments ions

of 9-nitroanthracene, with the most intense high mass fragment being the [M-NO-CO]l

ion of 1-nitropyrene. Characteristic CnHx+ ions are observed in the low mass region, but

the dominant peak in the spectrum corresponds to the NO' ion.

Figure 7.2 presents the laser mass spectrum of sample 2, 1-nitropyrene and 2-

nitrofluorene, with the corresponding peak assignments given in Table 7.2. The spectrum

of sample 2 is dominated by the fragment ions of 1-nitropyrene. The only peak which

can be definitely assigned to 2-nitrofluorene is the peak at m/z 181, corresponding to its

[M-NO]+ ion. However, peaks 'g' and 'h' are broader and more intense than is usual for

1-nitropyrene alone. The broadening and enhancement of peaks 'g' and 'h' could be due

to overlap between the generally strong [M-NO2]+ and [M-NO-CO]+ ions of 2-

nitrofluorene and the weaker mid-mass ions of 1-nitropyrene, which arise from the loss

of acetylene in the major 1-nitropyrene fragments. As expected, the NO+ ion is the

prominent low mass peak in the spectrum.

The laser mass spectrum of sample 3, 1-nitropyrene and 2-nitro-9-fluorenone, is

displayed in Figure 7.3, and accompanying peak assignments are given in Table 7.3. The

only peak in the spectrum which is directly attributable to 2-nitro-9-fluorenone is the

weak signal at m/z 225, corresponding to its molecular ion. The photoionization spectra

of 2-nitro-9-fluorenone presented in Chapter 5 showed strong mid-mass fragments at m/z

139 and m/z 151, resulting from fragmentation of the fluorenone backbone structure. The

slight enhancement in the mid-mass fragment region of the spectrum of sample 3 could

be due to contributions from 2-nitro-9-fluorenone. Overall the spectrum is dominated by

the fragment ions of l-nitropyrene. The common low mass carbon fragment pattern is
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Figure 7.2 Single-step laser photoionization mass spectrum of an equal mass mixture of

1-nitropyrene and 2-nitrofluorene, obtained at 213 nm.

Table 7.2 Peak assignments for the single-step laser photoionization mass spectrum of

a two-component mixture containing 1-nitropyrene and 2-nitrofluorene.
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Table 7.2 Peak Assignments: 1-nitropyrene [INP] & 2-nitrofluorene [2NF]

ffPeak Assignment 
[ miz

aa M+ [INPI 247

b (M-O)+ [INPI 231

c (M-NO)+ [INPI 217

d (M-NO 2)+ [INP] 201

e(M-NO-CO) 4 [INPI 189

f (M-NO)+ [2NFJ 181

g (M-NO 2)+[2NF1+(M-No-Co-C 2H2)+[INPI 165 + 163

ii LM-N0-C0)+[2NFj+(MW-NO 9 -2C H~)+[INP] 153 + 149



142

Figure 7.3 Single-step laser photoionization mass spectrum of an equal mass mixture of

1-nitropyrene and 2-nitro-9-fluorenone, obtained at 213 nm.

Table 7.3 Peak assignments for the single-step laser photoionization rnass spectrum of

a two-component mixture containing 1-nitropyrene and 2-nitro-9-fluorenone.
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Table 7.3 Peak Assignments: 1-nitropyrene [INP] & 2-nitro-9-fluorenone [N9F]

Peak Assignment MlZ

a M+ [INPI 247

b M. [N9FI 225

c (M-NO)+ [INPI 217

dd (M-N0 2)- [INPI 201

e (M-NO-C0)+ [1NPJ 189

f (M-NO2-C2H42)+ [INP] 175

g (M-N0-CO.C 2H2)+ [INP] 163

h (M-N0 2-2C2H2)+I1NPI+(M-NO 2-Co)+[N9FI 149 + 151

______ (M-NO-2CO)2[N9FI+PEcak A-C,H2)+[1NP] 139 + 137
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apparent in the spectrum however, NO+ is the predominant low mass peak once again.

Comparison of the spectra of two-component mixtures containing 1-nitropyrene

demonstrates that 1-nitropyrene has a larger cross-section of absorbance at 213 nm than

9-nitroanthracene, 2-nitrofluorene, and particularly, 2-nitro-9-fluorenone. All of the

spectra are dominated by the fragment ions of 1-nitropyrene, which is the most highly

conjugated of the four nitro-PAH compounds studied. However, the spectra also show

that 9-nitroanthracene, 2-nitrofluorene and 1-nitropyrene continue to follow their

characteristic fragmentation pathways, yielding [M-NO]+, [M-NO 2]+, and [M-NO-CO]+

high mass fragments, in two-component mixtures with another nitro-PAH. The major

high mass fragments of 9-nitroanthracene and 2-nitrofluorene can be identified in the laser

mass spectra of their equal mass mixtures with 1-nitropyrene.

The 213-nm photoionization spectrum of sample 4, 9-nitroanthracene and 2-

nitrofluorene, is shown in Figure 7.4, and labelled peaks are identified in Table 7.4. The

molecular ion of each component is observed, and the [M-NO]+ ions are distinguishable

in the spectrum. The enhanced intensity in peak 'f' is probably due to contributions from

two primary fragments; the [M-NO2]+ ion of 2-nitrofluorene and the [M-NO-CO]+ ion of

9-nitroanthracene which have the coincident m/z of 165. Similarly, the enhancement in

peak 'h' (m/z 139) is due to loss of acetylene from the corresponding m/z 165 ions. The

broadness in peak 'g' is attributable to overlap of the [M-NO-CO]+ ion (m/.z 153) of 2-

nitrofluorene and the [M-NO2-C2H2]+ ion (m/z 151) of 9-nitroanthracene. Overall the

fragment ions of 9-nitroanthracene appear to dominate the spectrum. The intense NO+

fragment ion (m/z 30) is the base peak in the spectrum.

Figure 7.5 displays the spectrum of the final two-component mixture, sample 5,
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Figure 7.4 Single-step laser photoionization mass spectrum of an equal mass mixture of

9-nitroanthracene and 2-nitrofluorene, obtained at 213 nm.

Table 7.4 Peak assignments for the single-step laser photoionization mass spectrum of

a two-component mixture containing 9-nitroanthracene and 2-nitrofluorene.
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Table 7.4 Peak Assignments: 9-nitroanthracene [9NA] & 2-nitrofluorene [2NF]

E Peak Assignment nilz

a M+ [9NAJ 223

b M+ [2NFI 211

c (M-NO)+ [9NA] 193

d (M-NO)+ [2NF] 181

e (M-NQ 2)+ [9NAI 177

f (M-NO-CO) 4 [9NA]+(M-NO 2)+ [2NF] 165

g (M-NO 2-C2H2)+[9NA1+(M -NO-C O)+[2NF1 151 + 153

h (M-NO,-CjH j2NFj+& eafC)+9NA] 139
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Figure 7.5 Single-step laser photoionization mass spectrum of an equal mass mixture of

2-nitrofluorene and 2-nitro-9-fluorenone, obtained at 213 nm.

Table 7.5 Peak assignments for the single-step laser photoionization mass spectrum of

a two-component mixture containing 2-nitrofluorene and 2-nitro-9-fluorenone.
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Table 7.5 Peak Assignments: 2-nitrofluorene [2NF] & 2-nitro-9-fluorenone [N9F]

Peak IAssignment I ,nz

a M+ [N9FJ 225

b M+ [2NF] 211

c (M-N0)+ [N9F] 195

d (M-N0)+ [2NFJ 181

e (M'NO2)+ [2NFJ + (M-NO-CO)+ [N9F] 165 + 167

f (M-NO-C0)+ [2NF] 153

g (M-NO2-CO)+ [N9F] 151

h(M-NO-2CO)+ L9F t -NO -C )H 1~2 139
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along with tabulated peak information in Table 7.5. In this mixture of 2-nitrofluorene and

2-nitro-9-fluorenone, major high mass peaks of each component are distinguishable with

the peaks of 2-nitrofluorene exceeding the 2-nitro-9-fluorenone peaks in intensity. The

molecular ion of 2-nitro-9-fluorenone is weakly present, but its [M-NO]+ ion makes a

stronger appearance. The [M-NO-CO]+ ion (m/z 167) of 2-nitro-9-fluorenone has

probably contributed to the enhanced [M-NO2]+ ion peak (m/z 165, peak 'e) of 2-

nitrofluorene. Peak 'g' at m/z 151 corresponds to the diphenylene fragment ion of 2-nitro-

9-fluorenone and the increased intensity of the m/z 139 ion indicates contribution from

its C11H7+ ion. Proposed structures of both the diphenylene and C11H7+ ion fragments

are illustrated in Figure 5.7. All the expected high mass fragment ions of 2-nitrofluorene

are clearly observed and the characteristic NO+ ion is prominent in the low mass region

of the spectrum.

Comparing the spectra of sample 4 and sample 5, it appears that 9-nitroanthracene

with its more extensive pi system, has a larger cross section for absorbance or photo-

ionization at 213 nm than either 2-nitrofluorene or 2-nitro-9-fluorenone, with their

cyclopenta-fused ring structures. The additional electron withdrawing carbonyl group of

2-nitro-9-fluorenone appears to decrease its absorbance cross section relative to 2-

nitrofluorene, and the results could be generalized to include 9-nitroanthracene as well.

It is possible to distinguish the major high mass peaks of 9-nitroanthracene, 2-

nitrofluorene and 2-nitro-9-fluorenone in two-component mixtures with each other, and

the nitro-PAH still exhibit the characteristic fragments, [M-NO]+, [M-NO2]+ and [M-NO-

CO]+, for each component. The NO+ ion is as prominent in the two-component mixture

spectra as it was in the single component spectra, allowing the possibility that the NO+
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ion could be a useful marker for nitro-PAH in heterogenous mixtures with unsubstituted

PAH compounds.

7.4.2 Six Component PAH/nitro-PAH Mixture

The laser photoionization mass spectra of a six component PAH/nitro-PAH

mixture have been obtained using 213 nm radiation. Three spectra are presented in

Figures 7.6, 7.7a and 7.7b, with accompanying major peak assignments given in Tables

7.6 and Figures 7.7a and 7.7b. The composition of the six-component mixture is based

on the concentrations (ppm) of the selected PAIH and nitro-PAH determined for NIST

SRM 1650 diesel particulate matter and is listed in section 7.3 above. The three mass

spectra displayed show the effect of increasing laser power density by increasing the area

of laser interaction with the solid sample. Figure 7.6 illustrates a relatively soft

ionization, while Figure 7.7b represents a hard ionization of the same sample.

The soft ionization laser mass spectrum of the six component mixture presented

in Figure 7.6 shows a molecular ion peak for each of the four PAH components, as

identified in Table 7.6. The appearance of PAIH molecular ions is not unexpected as the

highly conjugated PAH molecules are good chromophores in the near-UV region. The

other notably intense high mass peak occurs at m/z 217, corresponding to the [M-NO]+

ion peak of l-nitropyrene. No distinct peaks are observed in the spectrum that are

directly attributable to 2-nitrofluorene. The broad, moderately intense mid-mass fragment

at ~m/z 108 is attributable to a common PAH carbon cluster fragment, CgH,+. The

characteristic nitro-PAH fragment ion, NO+, is not observed in the spectrum, partly due

to the soft ionization condition and the relatively low nitro-PAH concentration as

compared to the unsubstituted PAH concentration. The visible low mass carbon fragments
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Figure 7.6 Single-step laser photoionization mass spectrum of a six-component

PAH/nitro-PAH mixture, based on the composition determined for NIST SRM 1650 diesel

particulate matter, obtained at 213 nm under soft ionization conditions.

Table 7.6 Peak assignments for the single-step laser photoionization mass spectrum of

a six-component PAH/nitro-PAH mixture containing phenanthrene[PH], pyrene[PY],

chrysene[CR], benzo[e]pyrene[BeP], 1-nitropyrene[INP], and 2-nitrofluorene[2NF].
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Table 7.6 Peak Assignments: Soft Ionization of PAH/nitro-PAH Mfixture

Peak jAssignment MlZ

a M+ [BeP] 252

b M+ [CR] 228

c (M-NO)+ [INPI 217

d M+ [PY] 202

e M+ [EHI 178
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Figure 7.7 Single-step laser photoionization mass spectra illustrating a moderate (7.7a)

and a hard (7.7b) ionization of the six-component PAH/nitro-PAH mixture, obtained at

213 nm.
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are of low intensity, as is expected for a soft ionization condition.

The mass spectrum shown in Figure 7.7a illustrates a moderately hard ionization

resulting from an increased area of interaction between the laser beam and the solid

sample. The molecular ion peaks of the four PAH standards are intense peaks in the

spectrum, but are considerably broadened. The [M-NO]+ ion of 1-nitropyrene is also

observed and significantly broadened. The fairly weak fragment observed on the leading

edge of the benzo[e]pyrene molecular ion peak is tentatively attributed to the molecular

ion of 1-nitropyrene, although the mass resolution must be improved before a definite

assignment is possible. The most interesting peak in the spectrum occurs at m/z 30. The

NO' ion has made a weak, but distinct appearance among the much more abundant low

mass carbon fragments.

Figure 7.7b represents a hard ionization mass spectrum of the same six-component

sample obtained by further increasing the area of interaction between the laser beam and

the solid sample. The high mass peaks in the spectrum are broadened almost beyond the

point of recognition, and the mass resolution among the low mass carbon peaks is also

significantly decreased compared to the previous two spectra. However, the NO' ion is

now a strong, recognizable peak with intensity comparable to that of the surrounding low

mass carbon fragments. The significantly enhanced appearance of the distinctive m/z 30

ion peak in the hard ionization spectrum is convincing evidence for the presence of a

nitro-containing compound in the sample. Combined with the other two six-component

spectra, the presence of I-nitropyrene in the mixture could be tentatively established,

demonstrating the utility of the technique for the screening of more complex samples for

the presence of l-nitropyrene.
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Comparing the three photoionization spectra of the six-component mixture shows

the growth of the characteristic NO' fragment belonging to the nitro-PAH as laser-sample

interaction volume (and thus laser power density) is increased. The unsubstituted PAH

generally require higher power density than their more fragile nitro-PAH counterparts to

induce significant fragmentation. The increased power density fragments the nitro-PAH

to a greater extent than the PAH present, producing NO fragments by predissociation

mechanisms which are subsequently ionized by a two-photon absorption. The m/z 30

peak "grows" into the low mass region as increasing power density generates more of the

NO+ ion relative to the production of low mass carbon fragments.

The increased intensity of the NO' signal is obtained at the expense of mass

resolution, particularly in the high mass range. The considerable broadening observed at

higher power densities could be caused by a significant increase in the initial kinetic

energy spread of the ions. The much higher density of ions in the desorption plume at

higher power densities also increases the potential for collisional interactions, charge

transfer, repulsive "space-charge" affects, 24 and other intermolecular processes which

could contribute to peak broadening by creating large initial velocity, temporal and spatial

distributions. The observed broadening should be improved by the installation of a new

source region and ion optics to the time-of-flight (TOF) mass spectrometer, allowing

consistent desorption geometry, sample positioning and power density application.

7.5 CONCLUSIONS

The laser photoionization mass spectra obtained at 213 nm for the five two-

component nitro-PAH mixtures demonstrate that the nitro-PAH continue to exhibit

characteristic fragmentation patterns when in the presence of another nitro-PAH. The
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major fragments of more highly conjugated nitro-PAH dominate the mass spectra in two-

component mixtures with lesser conjugated counterparts. 1-nitropyrene and 9-

nitroanthracene have larger absorbance cross sections at 213 nm and are better able to

stabilize their major high mass fragment ions than 2-nitrofluorene and 2-nitro-9-

fluorenone. It is possible to distinguish between 9-nitroanthracene or 2-nitrofluorene in

a two-component mixture with I-nitropyrene by laser photoionization mass spectrometry.

Additionally, 9-nitroanthracene, 2-nitrofluorene and 2-nitro-9-fluorenone can be separately

identified in laser mass spectra of two-component mixtures amongst themselves.

The NO+ ion is the predominant low mass ion generated by photoionization of

nitro-PAH, and under hard ionization conditions becomes the dominant peak in the spectra

of nitro-PAH compounds. Competing fragmentation pathways leading to the production

of NO' were described in Chapter 5. The great intensity of the m/z 30 ion is attributable

to a resonant two-photon ionization of the NO fragment, which absorbs strongly as 213

nm. All the 213 nm laser mass spectra of the two-component mixtures contain intense

NO+ ion peaks, which could be useful for detecting the presence of nitro-PAH in more

complex mixtures with other organic compounds.

Comparison of three laser mass spectra of the six-component PAH/nitro-PAH

mixture illustrates the effect of increased laser power density on the observed relative

intensity of the NO+ ion peak. The characteristic m/z 30 fragment ion grows into the

spectrum, dramatically increasing its intensity relative to the other low mass carbon

fragments, as laser power density is increased to produce hard ionization. The [M-NO]+

ion of 1-nitropyrene observed in the spectra under softer ionization, coupled with the

appearance of the NO+ ion in the harder ionization spectra, allows tentative identification
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of 1-nitropyrene in the PAH/nitro-PAH mixture. Results demonstrate the utility of the

LDLPMS technique for the screening of more complex samples for the presence of 1-

nitropyrene.

The present study shows some potential for application of LPMS to detect the

presence of other nitro-PAH in mixtures with unsubstituted PAH, by observation of

characteristic high mass nitro-PAH fragments coupled with the presence of the NO' ion.

Using wavelength matching of the NO absorption may significantly improve the

sensitivity for detection of NO+, thereby improving the sensitivity of the screening for

nitro-PAH in real-world samples. Work to improve the mass resolution of the TOF mass

spectrometer by installation of a new source region and ion optics is currently underway.

Application of the LPMS method to more complex mixtures, and ultimately, to detection

of nitro-PAH in environmental samples, is the subject of future research.
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CHAPTER 8

Laser Desorption-Laser Photoionization Time-of-Flight Mass Spectrometry
Applied to Nitro-PAH and Diesel Particulate Matter

8.1 ABSTRACT

The mass spectra of several PAH and nitro-PAH compounds have been

investigated using two-step laser desorption-laser photoionization time-of-flight mass

spectrometry (LDLPMS). In addition, LDLPMS has been applied to the analysis of NIST

SRM 1650 diesel particulate matter. A pulsed CO2 laser, wavelength 10.6 pm, was used

for desorption of the samples from a glass fiber filter substrate (filters often used for air

sampling). The desorbed neutral molecules were subsequently photoionized by either

266-nm or 213-nm radiation. Two nitro-PAH, 1-nitropyrene and 2-nitrofluorene, were

examined individually and in a six-component mixture with four PAH standards. The

composition of the six-component mixture was based on the composition of NIST SRM

1650 diesel particulate matter, in order to evaluate the application of LDLPMS for

detection of nitro-PAH in multi-component mixtures.

The NIST SRM 1650 diesel particulate matter was analyzed as received by

LDLPMS. A dichloromethane extract of the diesel particulate matter was also analyzed

by two-step and single-step LDLPMS. The characteristic NO' (m/z 30) peak was the

base peak in the laser mass spectra of the nitro-PAH standards. However, the m/z 30

peak was broad and weakly observed in two-step mass spectra of the six-component

mixture and the diesel particulate matter. The single-step mass spectra of the diesel

extract showed a stronger m/z 30 ion peak among the abundant carbon fragments. Broad
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high mass peaks combined with the overall complexity of the diesel particulate sample

allowed only tentative assignment of the high mass peaks in the diesel particulate spectra.

Preliminary results indicate that modification of the mass spectrometer and sample

preparation methods are warranted if LDLPMS is to be successfully applied to the

characterization of environmental samples.

8.2 INTRODUCTION

The analytical chemistry of nitrated polycyclic aromatic hydrocarbons (nitro-PAH)

is of widespread interest due to the highly mutagenic properties of this chemical class.

Nitro-PAH are derivatives of PAH, which are abundant in fossil fuels and are the

incomplete combustion products of organic materials. Direct emission into the atmos-

phere from combustion sources distributes PAH between the gas and particle phases.'

Nitro-PAH present in direct emissions are primarily the electrophilic nitration products

resulting from adsorbed-phase reactions of PAH with NOx and HNO3.2 In addition, nitro-

PAH formed in the gas-phase can readily condense on carbonaceous material.

Nitro-PAH have been determined in a variety of environmental samples including

diesel exhaust,3-9 urban and indoor air particulate,1'0 13 aluminum smelter effluent, 14 coal

fly ash,' 5 and wood and cigarette smoke condensates 16,17 The concentration of nitro-

PAtl in environmental samples is typically one to two orders of magnitude less than that

of the unsubstituted PAH present. Low concentrations coupled with their ubiquitous

presence and potent direct-acting mutagenicity underscore the importance of developing

highly sensitive and selective methods for determination of nitro-PAH in environmental

samples.

The first positive identification of a nitro-PAH in an environmental sample was
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reported by Schuetzle et al.3' in 1980. Positive identification of 1-nitropyrene in the

moderately polar (transition) fraction of diesel exhaust particulate extract was made using

a combination of direct-probe HRMS and HR GC/MS. Subsequent research by Schuetzle

et al.5,6 and Paputa-Peck et al.7 indicated the presence of 20 nitro-PAH isomer groups

containing approximately 200 nitro-PAH species in the transition fractions of diesel

particulate extracts. Later analysis of diesel particulate extract by MacCrehan et al.'s

used [PLC reduction methods to convert nonfluorescent nitro-PAH to highly fluorescent

amino derivatives for fluorescence and electro-chemical detection. Lee et al.19 employed

HPLC-reduction to form pentafluoropropyl (PFP) amides from the nitro-components of

diesel exhaust particulate. Over 120 nitro-PAH were tentatively identified as PFP amides

using nitrogen-selective thermionic and flame ionization detection. Both H-PLC-reduction

studies confirmed the extremely complex nature of diesel exhaust extracts.

The in situ characterization of PAH in diesel particulate matter was investigated

by Di Lorenzo20 and Klempier et al.21 using direct-probe mass spectrometry. Each study

compared the EI mass spectra of diesel soot taken before and after extraction. Results

showed that extraction of PAH from the particulate was incomplete, and that higher mass

PAH remained adsorbed in the sample matrix after extraction, thus avoiding chemical and

biological characterization by conventional analytical methods. Ross et al. 22 evaluated

the application of secondary ion mass spectrometry (SIMS) to the in situ characterization

PAH compounds adsorbed on activated charcoal. The SIMS method achieved a detection

limit of -2 ng for phenanthrene adsorbed on carbon.

The application of laser photoionization mass spectrometry to the in situ character-

ization of PAH and nitro-PAH on particulate has been limited. An investigation by Sine
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et al.23 employed a LAMMA-500 laser microprobe mass analyzer to characterize soot

from an experimental oil shale retort. A wide variety of organic and inorganic

compounds were identified, including twenty-five unsubstituted PAH from m/z 252 to m/z

620. A recent study by Delmas and Muller 24 examined FTMS laser microprobe for the

in situ determination of nitro-PAH adsorbed on two carriers, activated charcoal and silica

gel. The PAH-doped particles were analyzed before and after exposure to a gaseous

NO2AHNO 3 mixture, and fragments corresponding to the [M-NO]" anion of three nitro-

PAH were identified in the resulting mass spectra.

In order to investigate the application of laser desorption-laser-photoionization

time-of-flight mass spectrometry (LDLPMS) to characterization of nitro-PAH in

environmental samples, mass spectra have been obtained for two nitro-PAH standards, and

for a six-component PAH/nitro-PAH mixture. In addition, LDLP mass spectra have been

acquired for NIST SRM 1650 diesel particulate matter. The diesel particulate was

examined as received, and a dichloromethane extract of the particulate matter was also

analyzed. The characteristic NO+ ion, which is predominant in the LDLP mass spectra

of the nitro-PAH standards, is only weakly present in the mass spectra of the PAH/nitro-

PAH mixture, or in the diesel particulate spectra. Broad high mass peaks, coupled with

the overall complexity of the diesel particulate sample, allowed only tentative assignment

of the diesel particulate spectra. Preliminary results indicate that modification of the mass

spectrometer and sample preparation methods are warranted if LDLPMS is to be success-

fully applied to the characterization of environmental samples in the future.

8.3 EXPERIMENTAL

PAH and nitro-PAH standards were purchased from Aldrich Chemical Co., and
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were used without further purification. The PAH standards used were (molecular weight

and stated purity in parenthesis): phenanthrene (178, 98%), pyrene (202, 99%), chrysene

(228, 98%), and benzo[e]pyrene (252, 99%). The nitro-PAH compounds studied were:

1-nitropyrene (247, 97%) and 2-nitrofluorene (211, 98%). Dichloromethane, used for

extraction and sample preparation, was also purchased from Aldrich Chemical Co. NIST

SRM 1650 diesel particulate matter was obtained from the National Institute of Standards

& Technology and is representative of heavy-duty diesel engine particulate emissions.

Laser photoionization mass spectra are obtained using a custom-built time-of-flight

mass spectrometer operating in the linear mode. 25,26 The sample probe is inserted into

the source region through a custom-designed fast load-lock assembly which positions the

aluminum probe tip between the extractor and repeller plates of the Wiley-McLaren27

based two-stage ion optics. The aluminum probe tip has a flattened face which is

positioned perpendicular to the flight tube axis. The probe can be raised and lowered

externally to allow analysis at different locations on the same sample. The source region

is fitted with Si -UV quartz windows to allow transmission of the UV laser beam and a

ZnSe (or BaF2) window to allow IR beam transmission. Two oil diffusion pumps,

equipped with liquid nitrogen cooled cryotraps, separately pump down the source and

flight tube regions to an operating vacuum of - 10-6 torr.

Sample solutions of the two nitro-PAH standards are prepared at 5-10 mg/ml in

CH 2C12. The six-component PAH/nitro-PAH mixture consists of phenanthrene (7.1 -

0.1img), pyrene (4.9 ± 0.1mg), chrysene (2.9 ± 0.1img), benzo[e]pyrene (1.0 ± 0.1img), 1-

nitropyrene (2.0 ± 0. 1 mg), and 2-nitrofluorene (0.15 ± 0.05mg), prepared to 15-20 mg/ml

in CH 2CI2. Sample preparation involves dropping approximately 50 p! of sample solution
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via syringe onto a - 1 cm 2 piece of Gelman type A/E glass fiber filter and allowing the

filter to air dry. The filter is then attached to the flattened probe face with double-sided

sticky tape. The diesel particulate matter is analyzed directly by smearing the soot onto

a 1 cm2 piece of sticky tape, which is already attached to the probe face, then tapping

to remove loose particulate.

A 24-hour Soxhlet extraction of 200 mg of diesel particulate matter was

performed using 200 ml of dichloromethane. The extract was evaporated to -5 ml, then

centrifuged for 30 min to help remove residual soot particles. The extract was transferred

by syringe into a darkened glass vial and concentrated, under nitrogen flow, to - 1 ml.

Samples of the diesel extract are prepared by dropping - 50 pl1 of the extract by syringe

onto a - 1 cm 2 piece of Gelman filter and allowing the filter to air dry. The filter is

attached to the probe face with sticky tape and inserted into the source region. Diesel

extract samples used in the single-step LDLP experiments are prepared by depositing - 20-

30 V1 of extract directly onto the flattened aluminum probe face and allowing it to air dry.

Pulsed IR radiation at 10.6 microns if generated by a Lumonics Model 934 TEA

CO 2 laser. The IR pulse width is 100 ns (FWHM) with a lower energy 2 Ps tail. The

beam is attenuated to approximately 10 mJ/pulse and focussed into the source region

through a ZnSe lens. Beam diameter at the sample is - 2 mm 2 yielding a power density

of 5 x 106 W/cm 2 when operating at a pulse rate of 5 Hz. Power measurements of the

IR beam are made just prior to focussing using a Scientech Inc. Model 37-4002 power

meter.

Pulsed UV radiation at 266 nm is produced using the fourth harmonic of a Q-

switched Quanta Ray DCR-3 Nd:YAG laser with an 8 ns pulse width. Sum mixing of
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the Nd:YAG 1064 nm fundamental and the 266 nm fourth harmonic in BBO (03 -barium

borate crystal) generates the 213 nm photons. 28 The UV laser beam is focussed into the

source region through a 250 mm SI-UV quartz lens, which is also used to direct the UV

beam path. For two-step LDLP experiments, the laser beam is focussed such that

ionization occurs - 1 mm from the filter surface. In single-step experiments, the laser

beam is positioned to graze the surface of the sample. Laser energy is measured prior to

the entrance window by a Molectron Model J9LP Joulemeter interfaced to a PcJ meter

(Q&A Instruments). Laser energy typically ranges from 5-20 gJ/pulse while operating

at 5 Hz, yielding maximum power densities on the order of 108 - 109 W/cm 2 at the

focus.

Event synchronization in the LDLo, MS experiment is controlled through a custom-

built timing circuit which adjusts the ps:rii.•,er for the CO 2 laser. Time t = 0 corresponds

to the firing of the Nd:YAG flashlamps. At t = 200 p.sec, the Nd:YAG laser Q-switch

fires, simultaneously allowing the laser to fire. The relative arrival times of the IR and

UV laser beams at the source region are observed with a photodiode detector and adjusted

to obtain the optimum 10 ps delay using the pretrigger circuit.

Positive ions formed during each laser pulse are accelerated into the flight tube

and drift until impinging on the dual microchannel plate (MCP) detector. Current

generated at the MCP detector is 50-ohm terminated into a 100 MHz DSP Model 2001AS

Transient Recorder and digitized with 8-bit precision. In a typical experiment, data is

collected and signal averaged by a DSP Model 4101 Averaging Memory over 100-500

laser pulses, then transferred by a CAMAC interface to an Everex 386 microcomputer.

Data acquisition and subsequent analysis are controlled by software developed in-
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house.26-2 9 The Q-switch sync is used to trigger the data acquisition electronics, allowing

the time origin in the mass spectra to correspond to arrival of the UV beam at the source.

8.4 RESULTS AND DISCUSSION

8.4.1 LDLPMS of 1-nitropyrene and 2-nitrofluorene

The two-step laser desorption-laser photoionization mass spectra of 1-nitropyrene

and 2-nitrofluorene, obtained using 213 nm ionizing radiation, are shown in Figure 8.1.

In each of the spectra, the [M-NO2]+ and [M-NO-COI+ ions are the strongest high mass

peaks. The molecular ion and [M-NO]+ ion peaks are either too broad to be assigned or

not observed at all. The mid-mass fragments of 1-nitropyrene, [M-NO2-C2H2]+, [M-NO-

CO-C 2H2]+, and [M-NO2-2C 2H2]+, appear in the spectrum, though considerably

broadened. The characteristic NO' fragment ion is the base peak for both spectra.

The peaks in the two-step LDLP spectra of 1-nitropyrene and 2-nitrofluorene are

significantly broader than the peaks shown for the single-step experiments in Chapters 5 -

7. The difference in the spectra is largely attributable to desorption of the sample from

the porous Gelman glass fiber filters (in the two-step experiments) as opposed to

desorption of the solid sample deposited on the bare aluminum probe surface (in the

single-step experiments). When the IR laser beam impacts the filter surface, significant

heating of the filter fibers occurs. Initially, molecules closest to the top of the filter

surface are desorbed. The desorbed surface molecules have less thermal energy than the

filter matrix because there has been a loss of energy to the desorption process (AHdedorb).

Over many pulses, the surface molecules are depleted and the molecules from deeper in

the filter matrix make up a larger fraction of the desorbed species. Molecules desorbed

from deeper within the matrix suffer collisions with the thermally energized filter fibers
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Figure 8.1 Two-step laser desorption-laser photoionization mass spectra of 1-nitropyrene

and 2-nitrofluorene, obtained at 213 nm.
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and can thermally equilibrate with the filter. Hence, when molecules farther from the

surface exit the filter matrix, they possess more thermal energy than their surface

counterparts in the desorption plume. Thus, desorption of samples adsorbed on the filters

introduces broadening in our spectra by creating larger initial velocity and energy

distributions.
30

Molecules desorbed directly from the sample deposited onto the bare aluminum

probe surface also lose energy to the desorption process. However, desorption and

postionization both occur within the UV laser pulse. Molecules desorbed directly from

the probe surface will have a narrower velocity and energy distribution than those

desorbed from the filter matrix. Reduced velocity and energy profiles within the initial

ion packet decrease peak broadening and increase mass resolution. Therefore, the spectra

of compounds desorbed directly from the probe surface are generally better resolved than

the spectra of compounds desorbed from the Gelman filters.30

The difference in observed fragmentation patterns for the two nitro-PAH may also

be a function of desorption from the Gelman filters. The molecules desorbed from filters

in the two-step experiments are thermally hotter than the molecules desorbed and ionized

directly from the bare aluminum probe surface in the single-step experiments. The

additional thermal energy may produce more extensive fragmentation in the fragile nitro-

molecules prior to and during the ionization process. Thus, the molecular ion and [M-

NO]' peaks of I-nitropyrene and 2-nitrofluorene in the two-step LDLP spectra of Figure

8.1 are weak and broad, while the parent-PAH fragment and the [M-NO-CO]+ fragments

become the dominant high mass peaks. The precise physical nature and mechanisms for

ionization in laser desorption are uncertain. However, ionization in the high-density plume
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produced by bare probe surface (single-step) laser desorption could occur several

mechanisms. Possible collision-induced, proton-transfer and MPI absorption processes

occurring in the desorption plume could help to stabilize the higher mass ions of the

fragile nitro-compounds, which are typically strong peaks in single-step LDLP spectra.

8.4.2 LDLPMS of a Six-Component PAH/nitro-PAH Mixture

The composition of the six-component PAH /nitro-PAH mixture is based on the

concentrations (ppm) of each of the six components that have been determined for NIST

SRM 1650 diesel particulate matter. Figure 8.2 presents a soft ionization and a moderate

ionization LDLP spectrum of the six-component mixture adsorbed on a Gelman filter.

In the soft ionization spectrum, a peak corresponding to the molecular ion of each PAH

compound is identifiable, though most are fairly broad peaks. Two other broad high mass

peaks are observed in the spectrum which calibrate as m/z 246, possibly M, of 1-

nitropyrene, and m/z 193, which is unassigned at this point. Mid-mass PAH fragments

appear at m/z 151 and m/z 107, but the low mass carbon fragments and the NO' ion are

absent, as is appropriate for a soft ionization process. No peaks appearing in the spectrum

are directly attributable to the 2-nitrofluorene component, probably due in part to its

much lower concentration.

The peak widths in the Gelman filter (two-step) moderate ionization spectrum are

on par with the broadness of the peaks observed in the bare probe (single-step) moderate

ionization spectrum (Figure 7.7b). Once again, a molecular ion peak is observed for each

PAH component, and the molecular ion of l-nitropyrene can be tentatively assigned. The

broad m/z 193 peak remains unassigned however, a small peak appearing at m/z 218 can

be tentatively assigned as the [M-NO]+ ion of l-nitropyrene. Low mass carbon
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Figure 8.2 Two-step laser desorption-laser photoionization mass spectra of a six-

component PAH/nitro-PAH mixture containing phenanthrene [PH), pyrene [PY], chrysene

[CR], benzo[e]pyrene [BeP], 1-nitropyrene [1NP], and 2-nitrofluorene [2NF], depicting

soft and moderate ionization conditions at 213 nm.
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fragments are abundant in the spectrum, and a small peak at - m/z 30 can be observed.

Due to peak broadening, the m/z - 30 peak cannot be definitively assigned to the NO' ion.

Similar to the other spectra of the six-component mixture, no peaks unique to 2-

nitrofluorene are observed in the spectrum. The much lower concentration of 2-

nitrofluorene in the mixture (as in an actual environmental sample) could easily account

for the absence of its ion peaks in the spectra.

8.4.3 LDLPMS Applied to Diesel Particulate Matter

The two-step LDLP mass spectra of diesel particulate matter are presented in

Figure 8.3. Spectrum 8.3a was obtained by applying the two-step LDLP process to a

sample of the as received particulate matter attached to the flattened probe face with

double-sided sticky tape. For spectrum 8.3a, 266 nm radiation was used for ionization

of the desorbed molecules. Spectrum 8.3b was acquired by two-step LDLP of the diesel

particulate extract dropped onto a Gelman glass fiber filter, using 213 nm ionizing

radiation. Due to the extensive broadening of the peaks and the large departure of the

baseline from zero, especially in the mid-to high mass range, the m/z values of the higher

mass peaks could only be tentatively assigned for either spectra. Expansion of the low

mass regions of the spectra revealed no m/z 30 peak in the 266-nm spectrum (as

expected) however, a weak m/z 30 peak is observed in the 213-nm spectrum.

Figure 8.4 displays two hard ionization spectra of diesel particulate extract, both

obtained at 213 nm. Spectrum 8.4a was obtained using two-step LDLP to desorb the

extract from a Gelman filter, while spectrum 8.4b was acquired by desorbing the extract

deposited on the bare probe surface. The baseline of each spectrum improved

considerably over the softer ionization spectra of Figure 8.3 as the higher mass
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Figure 8.3 Two-step laser desorption-laser photoionization mass spectra of diesel

particulate on sticky tape at 266 nm, and diesel particulate extract on a Gelman filter at

213 nm, containing tentative mass-to-charge assignments.
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Figire 8.4 Two-step and single-step laser desorption-laser photoionization mass spectra

of diesel particulate extract, obtained at 213 nm, displaying expansions of the mid- to

high-mass regions and tentative mass-to-charge assignments.
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compounds fragmented to produce more low mass carbon fragments. The high mass

peaks are still very broad, though noticeably sharper in 8.4b than in 8.4a. The m/z 30 ion

makes a very weak appearance in the Gelman filter desorption spectrum (8.4a). In the

probe surface desorption spectrum(8.4b), the apparently stronger m/z 30 ion peak is

dwarfed by an intense sodium peak, as sodium is prevalent in environmental soot samples.

The m/z values of the high mass peaks could only be tentatively assigned, although some

tentative m/z values did correspond to known PAH components and fragments. The

absolute identification of particular PAH or nitro-PAH compounds was not possible due

to the overall complexity of the spectra. However, the work to date demonstrates the

feasiblity of tentative identification of PAH in environmental samples. The LDLPMS

method may be used to screen samples for the presence of PAH for subsequent analysis

by EPA procedures.

The congested appearance of the spectra obtained from the diesel particulate matter

is attributable to a number of factors, not the least of which is the sheer complexity of the

sample itself. Schuetzle et al.4 identified thirteen PAH species in diesel particulate

extracts between m/z 202 and m/z 208 alone. In a subsequent report, thirteen nitro-PAH

with the molecular weight of 247 amu were identified in the transition fractions of diesel

particulate extract, along with over 100 other nitro-PAH isomers!5 The time-of-flight

mass spectrometer used in the current study has unit mass resolution of - 100 amu. Thus,

the current instrument is unable to separate the many closely-spaced higher mass peaks

which appear in the spectra of the diesel particulate matter. Even with improved mass

resolution, extraction and fractionation of a particulate sample may be necessary to reduce

the complexity of the sample prior to analysis, and allow more certain identification of
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individual components by LDLPMS.

8.5 CONCLUSIONS

Two-step laser desorption-laser photoionization mass spectrometry was applied to

two nitro-PAH standards, a six-component PAH/nitro-PAH mixture, and NIST SRM 1650

diesel particulate matter, with mixed results. The spectra obtained for the two-nitro-PAH

standards showed an intense NO' ion peak, and the prominent high mass fragments were

attributed to the parent-PAH fragment ion and the [M-NO-CO]+ ion, all of which are

characteristic nitro-PAH fragments. The PAH molecular ion peaks could be easily

identified in the spectra of the six-component mixture, and peaks from 1-nitropyrene could

be tentatively identified however, no peaks were observed for 2-nitrofluorene, which was

present in very low concentration. An m/z 30 ion peak made a weak appearance in the

two-step spectra of the mixture, under hard ionization conditions, but could not be

definitely assigned to the NO+ ion. Peak broadening in the two-step LDLP spectra,

especially in the higher mass region, was attributed largely to velocity and energy

distributions induced by desorption of the samples from the Gelman filter matrix.

The LDLP spectra of diesel particulate matter, obtained at 266 nm and 213 nm

using the as received particulate and a dichloromethane extract, showed very broad high

mass peaks which were unassignable to particular PAH or nitro-PAH compounds.

However, tentative mass assignments, some of which corresponded to known PAH

components, could be made for the higher mass peaks in the diesel particulate extract

spectra. The direct desorption of diesel particulate extract from the aluminum probe

surface (single-step experiment), produced the only spectrum to show an appreciable m/z

30 ion peak, although the peak was dwarfed by an intense sodium peak.
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The congested appearance of the spectra obtained from the diesel particulate matter

is attributable to a number of factors, not the least of which is the sheer complexity of the

sample itself. The mass resolution of the current instrument is unable to separate the

many closely-spaced higher mass peaks which appear in the diesel particulate spectra.

Even with improved mass resolution, extraction and fractionation of a particulate sample

may be necessary to reduce the complexity of the sample being analyzed, and allow more

certain identification of individual components by LDLPMS. Modification of sample

preparation procedures by use of HPLC, or introduction of the particulate extract through

a heated capillary GC interface could considerably improve the detection of nitro-PAH

in environmental samples.
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CHAPTER 9

Conclusions

9.1 SUMMARY

The primary objectives of the current research were to obtain representative laser

photoionization mass spectra of standard nitro-PAH and nitrated heterocyclic compounds,

identify their characteristic photofragmentation patterns, and assess the feasibility of

application of LDLPMS for their detection in real environmental samples. Laser mass

spectra were acquired at 213 nm and 266 nm for four nitro-PAH standards: 9-

nitroanthracene, 1-nitropyrene, 2-nitrofluorene, and 2-nitro-9-fluorenone. All of the 213-

nm nitro-PAH mass spectra contained a strong to intense m/z 30 ion peak, which was

attributed to the NO+ ion. The m/z 30 ion peak was weakly present in the 266-nm

spectra, but only under hard ionization conditions. The strong intensity of the NO' ion

peak in the 213-nm spectra was due to resonance-enhanced two-photon ionization of the

neutral NO fragment. Absorption by the NO molecule begins at 226 nm (A2 + 4<- X2HM

and is particularly strong in the 190 to 200 nm region due to the C21I <- X21- and the D2F

<- X21" bands. Room temperature NO does not absorb wavelengths longer than 226 nm.1

Thus, the presence of an m/z 30 peak in the 266-nm spectra was attributed to ionization

of NO via nonresonant, collision and/or charge transfer ionization processes occurring in

the high density desorption plume during hard ionization of the nitro-PAH.

Characteristic mid- and high-mass photofragments were identified for the four

nitro-PAH standards including M+, [M-NO]+, [M-NO2]+, and [M-NO-CO]+ fragment ions.
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Generally, the [M-NOI+ was the base peak in the nitro-PAH laser mass spectra, though

the NO+ ion peak could dominate at 213 nm under hard ionization conditions. Two

competing fragmentation pathways were proposed for the production of NO+ by the laser

photoionization of nitro-PAH. The primary route to NO+ formation was identified as

predissociation of the parent molecule to lose NO, followed by a two-photon ionization

of the neutral NO fragment. The competing pathway was identified as predissociation of

the parent molecule to lose NO2 , subsequent predissociation of the NO2 fragment to yield

NO + 0, then two-photon ionization of NO to form the NO+ ion.

Both photodissociation pathways had been considered by Marshall et al.2' 3 to

explain the observed intense NO- ion peak in the laser mass spectra of nitrobenzene in

the wavelength range 232.5 nm to 260 nm. The second route, predissociation of the

parent to lose NO2 , was identified by Marshall as the primary mechanism for production

of NO+ from nitrobenzene. The first pathway was discounted by Marshall, primarily due

to the absence of an [M-NO]+ ion peak in the laser mass spectra of nitrobenzene. In our

work on the more conjugated nitro-PAH compounds, the [M-NO]+ fragment ion was more

intense than the [M-NO2]+ fragment ion in all of the soft ionization nitro-PAH spectra.

Comparison of the nitro-PAH laser mass spectra lead to the conclusion that the first route,

predissociation of the parent molecule to lose NO, is the primary photodissociation

pathway in nitro-PAH leading to production of the NO+ ion.

The mechanism proposed for the loss of the neutral NO fragment from the parent

nitro-PAH molecule is the nitro-nitrite rearrangement, which involves isomerization from

-NO2 to -ONO at the carbon atom to which the nitro group was originally attached.

Convincing evidence for the nitro-nitrite rearrangement was presented by Ioki4 in his
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report of the e.s.r spectra of aryloxyl radicals formed by UV ilium" tion of solutions of

nitro-containing compounds (e.g. 6-nitrobenzo[a]pyrene in benzene). The e.s.r.

experiments demonstrated that - more highly conjugated compounds formed more stable

aryloxyl radicals upon UV illumination. The appearance of a strong [M-NOJ] ion peak

in all of the nitro-PAH mass spectra is consistent with a nitro-nitrite photoisomerization,

probably occurring from an intermediate excited electronic state accessed by absorbance

of the first photon during the R2PI process.

The 213-nm laser photoionization mass spectra of two nitrobenzocoumarin isomers

and three coumarin derivative compounds were obtained to investigate the photofragmen-

tation patterns of nitrated heterocyclic compounds. The mass spectra of 7-hydroxy-

coumarin and 7-hydroxy-4-methylcoumarin showed intense, apparently protonated

molecular ion peaks. The coumarin backbone fragmented by successive loss of carbon

monoxide. The 2-nitro-6-(5H)-phenanthridinone compound was less fragile under UV

irradiation than the nitrobenzocoumarins and its laser mass spectrum showed much more

intense high mass peaks. The photofragmentation pattern of the nitrophenanthridinone

initially followed the characteristic nitro-PAH fragmentation pattern by loss of NO, NO2

and (NO-CM) fragments. Subsequent fragmentation followed the coumarin pathway by

sequential loss of carbon monoxide.

The laser mass spectrum of nitrophenanthridinone was useful in assigning the mass

spectra of 6- and 7-nitrobenzocoumarin. In addition, complementary El MS/MS

experiments performed on 7-nitrobenzocoumarin were valuable in determining the

fragmentation pathways, and in identifying the major mid-mass fragment ion at m/z 139.

The m/z 139 ion peak was often the base peak in the nitrobenzocoumarin laser mass
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spectra, and based on the El MS/MS experiments, the peak was identified as C I1H7' with

a diphenylene-type structure proposed for the fragment ion.

Several two-component mixtures of nitro-PAH and a six-component PAH/nitro-

PAH mixture were also examined by 213-nm laser mass spectrometry. For laser photo-

ionization of a two-component mixture, the peaks due to the more highly conjugated

compound dominated the spectra. Generally, peaks attributable to the presence of each

nitro-PAH component were observed in the mass spectrum. The nitro-PAH continued to

exhibit their characteristic fragmentation patterns, displaying [M-NO]+, [M-NO2]+, [M-

NO-CO]+ and an intense NO' ion peaks in their two-component mixture mass spectra.

The PAH/nitro-PAH mixture contained four PAH and two nitro-PAH compounds in

concentrations (ppm) comparable to those determined for NIST SRM 1650 diesel

particulate matter. Molecular ion peaks of the PAH were easily observed in the spectra,

and weak peaks corresponding to the molecular ion and the [M-NO]+ peaks of 1-nitro-

pyrene were also identified. No peaks directly attributable to 2-nitrofluorene were

observed, undoubtedly partly due to its much lower concentration. The NO+ ion signal

rivaled the low mass carbon fragment intensities only under hard ionization conditions,

which significantly broadened the mid- to high-mass peaks. The weak appearance of the

NO' ion in the soft ionization spectra of the PAH/nitro-PAH mixture spectra indicated

potential difficulties for the determination of nitro-PAH in environmental samples.

A two-step laser desorption-laser photoionization method was used to investigate

the laser mass spectra of two nitro-PAH, the six-component mixture, NIST SRM 1650

diesel particulate matter, and a dichloromethane extract of the diesel particulate. The

ultimate goal of the project under study is to directly analyze environmental samples,
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collected on air sampling filters, for the presence of nitro-PAH compounds. However,

laser desorption from the Gelman filter matrix using a 10.6 micron CO2 laser, produced

mass spectra with much broader peaks than direct desorption of the solid nitro-PAH

deposited on the bare aluminum probe. The broadening associated with the filter

desorption process is probably due to matrix-induced velocity and energy distributions

at initial ion formation.

The characteristic NO+ ion peak was observed only in hard ionization spectra of

the PAH/nitro-PAH mixture and the diesel particulate samples. The strongest NO' ion

peak observed for a diesel particulate sample was in the single-step spectrum of the diesel

particulate extract, directly desorbed from the probe surface. However, all of the peaks

in the single-step spectrum were dwarfed by an intense sodium peak. Sodium and

potassium are abundant in environmental samples and will interfere with attempts to

directly analyze such samples by a direct desorption-ionization process. One .,dvantage

of the two-step desorption process is its insensitivity to sodium and potassium.

Due to the sheer complexity of the diesel particulate matter and the peak

broadening in the high mass regions of the particulate and extract mass spectra, the peaks

could only be assigned tentative mass-to-charge ratios. The definite identification of

particular compounds in the diesel sample was not possible using the laser mass spectra

obtained in the current investigation, although many of the tentative m/z correspond to

known PAH compounds. The work to date demonstrates the feasibility of tentative

identification of PAH in environmental samples. The LDLPMS method may be used to

screen particulate samples for the presence of PAH for subsequent analysis by EPA

procedures.
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Dectection of nitro-PAH in environmental samples is complicated by their

generally low concentrations. Diesel particulate contains a much higher concentration of

unsubstituted PAH than nitro-PAH, and since PAH more readily form positive ions than

their nitro counterparts, the positive ion spectra may exhibit primarily PAH molecular

ions. The large number of positive ions formed in the photoionization of the diesel

particuiate samples produced very congested spectra. Nitro-PAH have a much higher

electron affinity than unsubstituted PAH. Examination of the positive ion spectra suggests

that one possible way to reduce the complexity of the diesel particulate laser mass spectra

would be operation in the negative ion detection mode.

9.2 FUTURE DIRECTIONS

9.2.1 Supplemental LDLPMS Experiments

The LDLPMS experiments conducted thus far have identified characteristic

fragmentation patterns for representative nitro-PAH and nitrated heterocyclic compounds

in the positive ion mode. Since nitro-containing compounds have a great electron affinity,

an interesting investigation would be the acquisition of the negative ion laser mass spectra

of the nitro-PAH and nitrated heterocyclic compounds. The chemical ionization negative

ion mass spectra of 9-nitroanthracene and 6-nitro-3,4-benzocoumarin were obtained using

a Hewlett-Packard 5890 GC interfaced to a VG Trio 2 mass spectrometer, and are

contained in Appendix C. The negative ion mass spectra are much less complex than

their positive ion counterparts and show intense molecular ion peaks for both nitro-PAH

examined. In addition, a strong m/z 46 peak is observed in the spectra, attributable to the

NO2 anion. Possibly the m/z 46 peak could be used as a marker for the presence of

nitro-containing compounds in the negative ion mass spectra of complex environmental
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samples.

The successful extension of LDLPMS to tlie determination of nitro-PAH in

environmental samples, for the near future, could involve some modification to sample

preparation procedures. The spectra presented in Chapter 8 demonstrate the difficulties

involved in direct LDLPMS analysis of particulate adsorbed on air-sampling filters.

Extraction and probably fractionation of a particulate sample may be necessary to reduce

the complexity of the sample prior to mass analysis. Possibly, introduction of the extract

into the source th.ough a capillary inlet and subsequent photoionization, coupled with

selected ion monitoring of the NO' ion or the N0 2" anion signal, could significantly

improve detection sensitivity for nitro-compounds in environmental samples.

A group of interesting follow-on experiments for the nitro-PAH compounds

involves a matrix-assisted laser desorption. The molecular ion peaks observed for the

nitro-PAH and nitrated heterocyclic compounds in the current study could very well be

due to the protonated molecular ions. Given the molecular weights of the nitro-

compounds studied and the present instrument resolution, the difference between the

molecular ion and its protonated counterpart is not discernable in our mass spectra. The

improved mass resolution expected with installation of the new source and ion optics

should allow distinction between the protonated and nonprotonated molecular ions. If

the protonated molecular ion is observed, desorption from a nitrobenzylalcohol or

cinnapinic acid matrix should enhance the yield of the protonated molecular ion.

Fragmentation patterns of the protonated molecular ion could be investigated, and the

relationship between concentration of the nitro-compound within the matrix and ion yield

could be determined.
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9.2.2 Improvements to Instrumentation

The time-of-flight mass spectrometer (TOFMS) used for the current research is a

custom-built instrument operating in the linear mode. The flight times of ions in the

TOFMS are determined by several factors including the dimensions of the drift region,

the distance between grids, and the applied grid potentials. Many of the causes of peak

broadening, and hence degraded mass resolution, were discussed in depth in Chapter 2.

A large part of the degraded resolution in our instrument is due to spatial, velocity, and

energy spreads (enhanced by desorption from Gelman filters) within the initial ion packet.

The present instrument has unit mass resolution to - 100 amu however, modifications can

be made to the instrument to improve its resolving power.

The addition of a reflectron device could correct for resolution degradation caused

by both initial spatial and velocity spreads. The reflectron acts as a second-order space-

focussed ion source (i.e. the space focus of the reflectron is at the second detector).

Factors to consider in the reflectron design and installation include, but are certainly not

limited to: length of the reflectron, grid spacings within the reflectron, potentials applied

to the grids, distance from the start of the drift region to the reflectron entrance, and

conversely, distance from the reflectron exit to the second detector. Resolution (m/An)

of over 10,000 have been achieved by coupling laser induced surface ionization with a

reflectron device. 5 An excellent discussion of the reflectron device and the associated

mathematics of its design and installation is given by Boesl and Schlag.6

An alternative to compensating for the initial velocity spread is to reduce or

eliminate the distribution by use of a supersonic molecular beam source.7 The sample can

be desorbed from a surface and entrained in the molecular beam, seeded into the
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expansion gas, or leaked in via a capillary inlet, allowing examination of a variety of

sample types. Use of a pulsed valve also permits direct injection from I atm into

vacuum, which offers great potential for real environmental applications.8 The reduction

in velocity spread attainable with a molecular beam can increase the resolution of a linear

TOF instrument to 1000 or higher.9 The coupling of a molecular beam with a reflectron

device can increase m/Am to 12,000 or more.1°

Current plans include the installation of a new source region and ion optics for the

TOFMS, and reconfiguration of the grid potentials and the microchannel plate detectors

for operation in the negative ion mode. The installation of the new source and ion optics

will improve mass resolution, especially in the high mass range where the nitro-PAH

molecular ions and anions are observed. Distinction could then be made, in the positive

ion mode, between the protonated and the nonprotonated molecular ion and the ratio of

protonated to nonprotonated could be determined. Operation in negative ion mode will

allow the acquisition of negative ion laser mass spectra for the nitro-PAH standards,

which should prove much less complicated than their positive ion counterparts.

Application of negative ion laser mass spectrometry has the potential to reduce the

complexity of the spectra of environmental samples, and permit determination of nitro-

PAIH by their molecular anion and the characteristic N0 2 ' (m/z 46) anion peaks.
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APPENDIX A

Calculation of Laser Power Density

Laser beam divergence is due to diffraction effects. The consequence of

divergence is an inability to focus the laser beam down to a point. The beam waist at the

focus (non-TEMoo beam) is given by

f= focal length of lens

w f _--.-fw = beam radius prior to focussing
3xw

X wavelength of light

2w

For X = 266 nm; w = 2 mm; f 250 mm:

wf 14.1 pm

Therefore, the spot size at focus (s266) is

-j 2 =' f and S266 1.6 x 10-4 mm2

4 4

For X = 213 nm; w = 2 mm; f= 250 mm;

wf-S 11.3 pm and S213 . x I mm2

Laser power density is dependent upon pulse width and repetition rate as well as spot

size. Define a conversion factor, F, for the Nd:YAG laser with repetition rate of 5 Hz
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and FWHM pulse width of 8 ns to be

F Isec I 1l09ns J 102 mm2]
F = pulses x8 ns x sec x OT; cm 2

F = 2.5 x 106 J, Mm 2

nm~cm 2

Laser power density (LPD) is then defined by

P = laser power before focussing
LPD(W/n 2) = F

s s = laser spot size at focus

For 266 nm with P = 10 p J/pulse

LPD= 2.5 X 10 6J.mm 2  ×10 1OpJ 5 pulses x mJ x 1

mJ. cm2  pulse 1 sec 1000IuJ 1.6 x 10- mm2

.% LPD = 7.8 x 108 W / cm2

For 213 nm at P = 10 pJ/pulse, similar calculation yields

LPD = 1.3 x 109 W/cm2

The confocal lens parameter determines the beam waist length. Essentially, this is the

region in which there is plane parallel light. The confocal lens parameter is given by*

B 2 B = confocal lens parameterB =2Xe°2• where wo =A

A so0

B 2A
;°o B
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. *.. .... d - beam width' < ocssing
f = focal length

In the small angle approximation, tan 0 m 0 , therefore

0 tan0 d--
2f

and the beam waist length is

2B t 164 d = laser beam diameter before focussingwd2

The beam waist length at 266 nm with a 4 mm beam diameter is

16(266 x 10-9 mX.25m) 2
2B~ •- 5.3rmm

r(4.0 x 10'3 m)

d

*CRC Handbook of Lasers, with Selected Data on Optical Technology, R. I. Pressley,

Ed., Chemical Rubber Co., Cleveland, Ohio, 1971, p. 422.
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APPENDIX B

Calibration of LDLPMS Spectra

Mass calibration of a LDLPMS spectrum is accomplished by fitting the flight time

squared values of low mass fragments appearing in the spectrum to a second order

polynomial, then extrapolating to fit the high mass peaks. The fitting equation is:

y = ax2 + bx + c

where y is the mass-to-charge ratio (m/z), and x is the corresponding flight time squared

(?2). The 'b' constant contains the direct proportionality constants between m/z and 12 (see

Chapter 2). The 'a' constant corrects for nonlinearity in the electric field gradient used

to accelerate the ions. The 'c' constant corrects for the time lag between arrival of the

trigger to begin data acquisiti and arrival of a theoretical m/z = 0 ion at the detector.

The top spectrum in Figure B.1 is a typical single-step spectrum of pyrene

standard, taken at 213 nm. This is a calibrated spectrum, plotted as relative intensity

versus m/z. The bottom spectrum in Figure B.1 is an expansion of the low mass

fragments which were used to obtain the calibration. Normally, the expansion is a plot

of raw signal intensity versus flight time squared with the expansion range determined by

the intensity and resolution of the low mass fragments. The in-house program

FASTPLT3.FOR allows the user to set x and y ranges and generates the expansion plot.

Another in-house program, MASS4.FOR, may be used to obtain a printout of the

raw data to aid in assigning the low mass peaks. Figure B.2 is a raw data printout

containing flight time squared, peak height, area, and width values for the example pyrene
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spectrum. Based on similar fragmentation patterns observed in other aromatic

compounds, m/z assignments are made in groupings of C.HI+ by comparing flight time

squared values and corresponding intensities with the expansion plot of the low mass

peaks. Within the low mass fragments, a flight time squared difference of - 2 Psec2

corresponds to a m/z difference of approximately I amu.

MASS4.FOR also runs the calibration routine which fits the spectrum to the

second order polynomial. Up to four sets of calibration constants may be stored within

the program and any one of the four sets may be selected to give an initial estimate for

the true calibration. The program uses the selected set of calibration constants to perform

an initial fit, then gives the user an opportunity to save that calibration, or make

individual m/z assignments to achieve a better fit. The "OLD CALIB" column in Figure

B.3 contains values calculated using a stored set of calibration constants. The "TRUE

MASS" column contains user-assigned m/z values (***** indicates that no m/z value was

assigned for that particular flight time). The "A*XA2 + B*X + C" column contains the

new m/z values for the spectrum based on the user-assigned m/z values and the fitting

equation. Residuals are given in the "DIFF" column. New values for the fitting constants

appear at the end of the printout. The new calibration may be saved and/or the fit may

be refined by repeating the mass assignment procedure and including more (or different)

m/z values.

The 'a' constant is typically on the order of 10-6 while the 'c' constant is on the

order of 10-3 for calibration of both single-step and two-step spectra. However, the 'b'

constant differs between the single-step and two-step experiments. For single-step LDLP,

b & (.57 to .59), and for two-step LDLP, b = (.47 to .49). The variation is partly
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attributed to the different initial formation positions of the ions within the source region.

The single-step ions form about 2 mm farther away from the accelerating grids than the

two-step ions, and therefore gain greater kinetic energy prior to entering the drift region.

Since the 'b' constant is directly related to the kinetic energy, ions with greater kinetic

energy will have a larger value for 'b'.

Once a satisfactory calibration is obtained, the constants may be written into the

storage lines of MASS4.FOR and applied to subsequent spectra. A reasonable fit of

successive spectra can be obtained using previously calculated constants, provided the

experimental conditions such as sample position, beam position and laser power have not

changed appreciably. However, if experimental conditions have changed, or if a more

refined fit is desired, the spectra must be calibrated individually using MASS4.FOR and

the procedures outlined in this appendix. Efforts are currently underway to automate

LDLPMS spectra calibration procedures in conjunction with the projected installation of

a new source region and ion optics.
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Figure B.A Single-step laser photoionization mass spectrum of pyrene obtained at 213

nm, and an expansion of the low mass region of the spectrum showing the carbon cluster

fragments (CIH-) used to calibrate the mass spectrum.
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Figure B.2 Raw data printout listing flight time squared and intensity values for each

peak (above a user-selected intensity limit) in the laser mass spectrum of pyrene.
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FILE BEING ANALYZED IS C:\DATA\PY101209.DAT TIME:10:38 DATE

intensity limit: .00100 N POINTS FWHM: 3
PEAK CHANNEL TIME HEIGHT AREA HWHM

1 220.8 4.8 58.50 120.00 1.8
2 463.6 21.4 14.50 42.00 1.3
3 693.2 47.9 54.50 188.00 1.8
4 799.0 63.7 130.00 313.00 2.0
5 809.8 65.4 298.00 686.00 2.0
6 821.0 67.2 167.00 456.00 1.3
7 831.8 69.0 173.50 549.00 2.0
8 879.2 77.1 11.00 70.00 3.5
9 921.4 84.7 51.50 146.00 2.3
10 931.2 86.5 52.00 189.00 1.3
11 941.0 88.4 249.00 670.00 1.5
12 950.6 90.2 308.00 945.00 1.3
13 959.9 92.0 41.00 114.00 1.3
14 1029.5 105.8 65.00 205.00 1.5
15 1038.2 107.6 119.50 523.00 1.3
16 1047.2 109.4 61.50 334.00 1.0
17 1055.8 111.3 236.00 715.00 1.5
18 1134.9 128.6 77.50 459.00 3.3
19 1143.3 130.5 203.00 760.00 1.3
20 1151.4 132.4 176.50 643.00 1.0
21 1224.5 149.7 25.50 333.00 3.0
22 1232.8 151.7 42.00 88.00 .8
23 1314.3 172.5 157.00 747.00 3.0
24 1394.2 194.1 12.50 336.00 3.3
25 1468.7 215.4 53.00 537.00 4.3
26 1489.9 221.7 38.00 295.00 3.3
27 1540.9 237.1 -2.00 440.00 10.8
28 1626.9 264.4 179.00 2459.00 11.8
29 1693.1 286.3 54.50 433.00 4.3
30 1753.6 307.2 135.00 2856.00 9.8
31 1810.9 327.6 20.00 191.00 7.3
32 1887.0 355.7 6228.50 81347.00 11.0
33 1956.7 382.b 7.50 83.00 5.0
34 1976.6 390.3 6.50 59.00 .8
35 2003.1 400.8 10.5U 212.00 5.0
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Figure B.3 Output from the calibration program, MASS4.FOR, showing old and new

calibration values for the selected peaks in the pyrene mass spectrum, as well as fitting

constants for the spectrum.
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PEAK USEC ^2 WEIGHT OLD CALIB TRUE MASS A*X^2+B*X+C DIFF

1 4.8 0. 2.79 2.74 ******
2 21.4 0. 12.33 12.12 ******
3 47.9 1. 27.59 27.00 27.12 -. 124 63.7 1. 36.67 36.00 36.06 -. 065 65.4 1. 37.67 37.00 37.04 -. 04
6 67.2 1. 38.72 38.00 38.07 -. 07
7 69.0 1. 39.75 39.00 39.09 -. 098 77.1 0. 44.41 ******** 43.67 ******
9 84.7 1. 48.78 48.00 47.97 .0310 86.5 1. 49.82 49.00 49.00 .0011 88.4 1. 50.88 50.00 50.04 -. 04

12 90.2 1. 51.92 51.00 51.06 -. 0613 92.0 1. 52.95 52.00 52.08 -. 0814 105.8 1. 60.90 60.00 59.91 .0915 107.6 1. 61.94 61.00 60.93 .0716 109.4 1. 63.02 62.00 62.00 .00
17 111.3 1. 64.06 63.00 63.02 -. 0218 128.6 1. 74.03 73.00 72.85 .1519 130.5 1. 75.13 74.00 73.93 .0720 132.4 1. 76.20 75.00 74.99 .0121 149.7 0. 86.19 84.84 ******
22 151.7 0. 87.36 85.98 ******
23 172.5 0. 99.30 97.77 ******
24 194.1 0. 111.74 110.04 ******
25 215.4 0. 124.00 ********* 122.15 ******
26 221.7 0. 127.61 125.71 ******
27 237.1 0. 136.50 ********* 134.50 ******
28 264.4 0. 152.17 149.99 ******
29 286.3 0. 164.81 ********* 162.49 ******
30 307.2 0. 176.79 174.35 ******
31 327.6 0. 188.53 185.98 ******
32 355.7 1. 204.73 202.00 202.02 -. 02
33 382.5 0. 220.12 217.28 ******
34 390.3 0. 224.62 221.75 ******
35 400.8 0. 230.68 227.76 ******

THE STARTING MASS IS .008
THE ENDING MASS IS 920.659

THE FITTING CONSTANTS ARE
A = .00000625
B = .56569439
C = .00759003
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APPENDIX C

GC/MS Spectra of Nitro-PAH and Nitrobenzocoumarin Standards

Spectra Titles Pare

1. TIC of 9-nitroanthracene ..................................... 210

2. El/M S of 9-nitroanthracene .................................... 211

3. NM CI of 9-nitroanthracene ..................................... 212

4. TIC of 1-nitropyrene ........................................ 213

5. El/M S of 1-nitropyrene ...................................... 214

6. El/M S of 2-nitrofluorene ..................................... 215

7. TIC of 2-nitro-9-fluorenone ................................... 216

8. El/M S of 2-nitro-9-fluorenone ................................. 217

9. TIC of 6-nitro-3,4-benzocoumarin ............................... 218

10. El/M S of 6-nitro-3,4-benzocoumarin ............................ 219

11. NMCI of 6-nitro-3,4-benzocoumarin ............................. 220

12. TIC of 7-nitro-3,4-benzocoumarin .............................. 221

13. El/M S of 7-nitro-3,4-benzocoumarin ............................ 222

14. TIC of 1-nitronaphthalene .................................... 223

15. El/M S of 1-nitronaphthalene .................................. 224



210

~6la

~~Ii



211

Is

I-.-

a-

11

3 33

3il dl ;0 i 9 i i! dt iw



212

•cu

Z!_

'o.

. a.o
aq

i idi i ii i ibi i i6i i Pi d i!d i .



213

• ..

-I6

,-.3

m |



214

re•

mI I



215

Cu cu

-c

i 9i i Fý IB" 9 1; 9 $a Ij c

a1=I-
_ _ _ __ _ _



216

r~la



217

o 

•,m

-

.•-
°° 

li

__ 

, ,
m- 

' - ' " •

U0•



218

dYLd

mm

54

i i ip 3iRs i3I



219

cuU

_m
isU

,. k--•

vi Io m

-- " ; m'r rl n n nnnnn mnnn-mm n n Kmdn • I m r •



220

cu-

cu~

'U C

12

In

to a t

010

gig?
tooC

Ii i6i 3 ii i NiId 1 5r



221

h..

°%.

.m!



222

3I -

CTf'

IQ

=-8_ m

M--oi



223

ib.

II

I.'

uri
)19



224

RIB

R
fi m'



225

APPENDIX D

FAB Spectra of Nitro-PAH and Nitrobenzocoumarin Standards

Spectra Titles Page

1. 9-nitroanthracene, bare probe ................................... 226

2. 9-nitroanthracene, bare probe, expansion (150-250) ................... 227

3. 1-nitropyrene, bare probe ...................................... 228

4. 2-nitrofluorene, bare probe ..................................... 229

5. 2-nitrofluorene, bare probe, expansion (80-250) ...................... 230

6. 2-nitrofluorene, 3-nitrobenzylalcohol (3-NBA) matrix, MIKES Spectrum .... 231

7. 2-nitrofluorene, 3-NBA matrix, histogram,daughters of 211 .............. 232

8. 2-nitrofluorene, 3-NBA matrix, MIKES Spectrum .................... 233

9. 2-nitrofluorene, 3-NBA matrix, histogram, daughters of 212 ............. 234

10. 2-nitrofluorene, 3-NBA matrix, expansion (160-220) ................. 235

11. 2-nitro-9-fluorenone, bare probe ................................ 236

12. 2-nitro-9-fluorenone, glycerol matrix, expansion (190-270) ............. 237

13. 2-nitro-9-fluorenone, 3-NBA matrix, expansion (160-250) .............. 238

14. 6-nitro-3,4-benzocoumarin, bare probe ........................... 239

15. 6-nitro-3,4-benzocoumarin, 3-NBA matrix, MIKES Spectrum ........... 240

16. 6-nitro-3,4-benzocoumarin, 3-NBA, histogram, daughters of 242 ......... 241

17. 6-nitro-3,4-benzocoumarin, 3-NBA matrix, expansion (200-280) ......... 242

18. 7-nitro-3,4-benzocoumarin, bare probe ........................... 243
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APPENDIX E

El MS/MS Spectra of Selected Nitro-Standards

Spectra Titles Pae

1. 7-nitro-3,4-benzocoumarin, daughters of 241 ........................ 246

2. 7-nitro-3,4-benzocoumarin, neutral loss of 30, (NO) ................... 247

3. 7-nitro-3,4-benzocoumarin, daughters of 200 ........................ 248

4. 7-nitro-3,4-benzocoumarin, daughters of 183 ........................ 249

5. 7-nitro-3,4-benzocoumarin, parents of 139 .......................... 250

6. 7-nitro-3,4-benzocoumarin, daughters of 139 ........................ 251

7. 2-nitrofluorene, electron ionization spectrum ........................ 252

8. 2-nitrofluorene, neutral loss of 28, (CO) ........................... 253

9. 2-nitrofluorene, neutral loss of 42, (CNO) .......................... 254

10. 2-nitrofluorene, neutral loss of 58, (-NO -CO) ...................... 255

11. 2-nitrofluorene, daughters of 211 ............................... 256

12. 2-nitrofluorene, daughters of 194 ............................... 257

13. 2-nitrofluorene, daughters of 181 ............................... 258

14. 2-nitrofluorene, daughters of 165 ............................... 259

15. 2-nitrofluorene, daughters of 153 ............................... 260

16. 2-nitrofluorene, daughters of 139 ............................... 261

17. l-nitropyrene, daughters of 247 ................................ 262

18. 1-nitropyrene, daughters of 231 ................................ 263
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19. 1-nitropyrene, daughters of 217 ................................. 264

20. 1-nitropyrene, daughters of 201 ................................. 265

21. 1-nitropyrene, daughters of 189 ................................. 266

22. 1-nitropyrene, daughters of 174 ................................. 267
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